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Monitoring benthic invertebrate community is key to assess the impacts of anthropogenic and climate 
change to freshwater ecosystem. However, conventional ecological surveys have considerable 
drawbacks, e.g., they are time-consuming, require human effort, and have difficulties in taxonomic 
identification of organisms, therefore conducting long-term and high frequent monitoring is not 
feasible. Thus, another ecological monitoring option is required. This dissertation aimed to explore 
the utility of environmental DNA (eDNA) for river benthic invertebrate communities in order to 
reveal the ecological and environmental status. Specifically, detectability of benthic invertebrate taxa 
at family level using eDNA, revealing a succession of community structure and quantitative potential 
using eDNA were investigated. 
This dissertation used mainly two types of observed data: eDNA data extracted from surface 
river water and aquatic insect data identified morphologically. The field samplings were conducted 
once per a month from May to December in 2016 at Hirose River and Natori River in Miyagi 
Prefecture, Japan. The series of eDNA samples were subjected to metabarcoding to identify members 
of the aquatic insect communities from the sequences. Furthermore, to quantify DNA concentration, 
quantitative PCR (qPCR) was conducted. The two assays targeted the same DNA region, 
mitochondrial gene cytochrome c oxidase subunit I (COI). The thresholds for sequence assignation 
against reference database at each taxonomic classification level were investigated using a subset of 
Ephemeroptera, Plecoptera and Trichoptera sequence data registered in National Center for 
Biotechnology Information (NCBI, US) database. As a result, 85% identity was employed as the 
threshold for sequence assignation at family level against reference database in bioinformatics part 
of this dissertation. The target taxa were Ephemeroptera, Plecoptera, Trichoptera, Diptera, 
Coleoptera, Odonata, Hemiptera and Megaloptera, which mainly constitute a benthic invertebrate 
community in freshwater. Benthic invertebrates were collected using Surber net and identified 
morphologically, and measured number of individuals and dried-biomass. 
To investigate what kind of benthic invertebrate taxa can be detected by eDNA, eDNA samples 
of six reaches from upland- to lowland-domains along the two rivers taken in July and November 
were used. As a result of eDNA metabarcoding, 8.1% of the total sequence was assigned to aquatic 
insect taxa. The aquatic insects identified from all 12 eDNA samples were 93 families. Of these, 30 
families were common with Surber net sampling results but five families could not be detected by 
eDNA. Community dissimilarities were visually clustered by seasonal differences (R2 = 0.81, p-value 
=0.001). In addition, the ordination of communities was correlated with total nutrient concentration, 
which was proxy of water pollution (R2 = 0.51, p-value =0.046). 
The time-series change during May to December in 2016 of the community structures of aquatic 
insects were observed using eDNA metabarcoding and a conventional Surber net survey. As a result, 
the rate of time-series change of taxa richness were consistent between eDNA and Surber net survey. 
In addition, community structures revealed by relative abundance from eDNA metabarcoding and the 
Surber net survey showed the same transition pattern after a flood disturbance, i.e. the ratio of 
swimmers increased immediately after the disturbance and the ratio of crawlers increased later. These 
results supported that the temporal change of community composition could be revealed by relative 
abundance of sequence reads from eDNA, while the read counts could not fully recover the actual 
community due to primer bias. 
The dissertation examined the methodology to calculate the concentration of invertebrate 
species DNA by combination of qPCR and metabarcoding analysis. DNA concentrations targeting 
universal region in COI gene were quantified by qPCR and the proportion of each benthic invertebrate 
were calculated from relative read counts derived by metabarcoding. Finally, eDNA concentrations 
of each taxonomic groups were calculated by multiplying the proportion of each taxonomy and the 
quantified invertebrate DNA concentration. As a result, COI-DNA concentrations displayed 
significant positive correlations with total population of benthic invertebrates collected by the 
conventional Surber net sampling (Spearman’s rank correlation = 0.74, p-value = 0.002). Furthermore, 
positive correlations were shown between the population densities and eDNA concentrations for 
orders Ephemeroptera, Plecoptera, and Dipetra. These results indicate that the combination of eDNA 
metabarcoding and qPCR can be an effective methodology to estimate the abundance of stream insect. 
The dissertation demonstrated that eDNA can reveal the community status of richness, composition, 
and abundance in natural river system. A remarkable contribution of this dissertation was expanding 
utility of eDNA not only presence-absence data but also quantitative data with eDNA metabarcoding 
data for benthic invertebrates in the river system. Hereafter, eDNA will be a new choice of tools to 




I would like to express the deepest appreciation to my committee chair Professor So KAZAMA, a 
professor at Department of Civil Engineering, Graduate School of Engineering, Tohoku University: 
he constantly provided me fruitful education and chances to tackle this challenging research topic, 
and demonstrated to me the attitude and substance as a researcher of engineering. 
 
I would like to thank my committee members, Professor Hitoshi TANAKA, Professor Fumihiko 
IMAMURA and Associate Professor Daisuke KOMORI at Department of Civil Engineering, 
Graduate School of Engineering, Tohoku University for constructive discussions and comments on 
the dissertation.  
 
I express my sincere thanks to Associate Professor Kengo KUBOTA, an associate professor at 
Department of Civil Engineering, Graduate School of Engineering, Tohoku University: he 
substantially helped me learn what I need throughout research works, including laboratory 
experiments, knowledge of molecular biology, and scientific writing. Without his guidance and 
persistent help, this dissertation and publications would not have been possible. 
 
In addition, a thank you to Professor Shunichi KOSHIMURA, Associate Professor Makoto UMEDA, 
Associate Professor Keiko UDO, Associate Professor Suppasri ANAWAT, Assistant Professor 
Nguyen Xuan TINH, Assistant Professor Masakazu HASHIMOTO, Assistant Professor Eric MAS, 
and Assistant Professor Yoshiya TOUGE at Department of Civil Engineering, Graduate School of 
Engineering, Tohoku University, for providing me discussions and comments from various aspects in 
seminars.  
 
I thank Mr. Shunsuke Aita at Technical Division, School of Engineering, Tohoku University, who 
gratefully helped me with field observation and conducted morphological identification results of 
larvae carefully. I thank the past and present members of our laboratory for helping field surveys. 
 
I am grateful to Assistant Professor Kei NUKAZAWA in Department of Civil and Environmental 
Engineering, University of Miyazaki, who brush up the study design and manuscript. I appreciate 
Associate Professor Yasuhiro TAKEMON in Disaster Prevention Research Institute, Kyoto 
University, who demonstrated the attitude and substance as a researcher of ecology and civil 
engineering. I gratefully acknowledge Professor Kozo WATANABE at Ehime University, Assistant 
Professor Sakiko YAEGASHI at Yamanashi University for fruitful and constant information 
exchange about environmental DNA. In addition, a thank you to Dr. Masahiro RYO at Free University 
of Berlin in Germany, who introduced me to statistics and how to survive the academic world. 
 
I would also like to thank the financial support by Japan society for the Promotion of Science (JSPS) 
Research Fellowship (grant no. 17J02158, Noriko Uchida) and through the Program for Leading 
Graduate Schools, “Inter-Graduate School Doctoral Degree Program on Global Safety” and by the 
Ministry of Education, Science, Sports and Culture through a Grant-in-Aid for Scientific Research 
(grant nos. 16H02363, So Kazama). 
 





Chapter 1. General introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 
1.1  Biomoni tor ing  fo r  g lobal  envi ronment  change  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1  
1 .2  Pros  and  cons  of  envi ronmenta l  DNA  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3  
1 .3  Research  gap  in  u t i l i ty  of  eDNA for  benth ic  inver tebra te  in  r iver  sys tem  . . . .  6  
1 .4  The  purpose  and s t ruc ture  of  the  d i sse r ta t ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8  
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11  
 
Chapter 2. Study field and target gene region  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16 
2.1  Sampl ing  s i t e  in  Nator i  River  bas in  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16  
2 .2  Ta rge t  DNA region  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  17  
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  26  
 
Chapter 3. Materials and Methodologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28 
3.1  In t roduct ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28  
3 .2  eDNA sampl ing  and ext rac t ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28  
3 .3  Library  prepar ing  for  eDNA metabarcoding  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  29  
3 .4  Bioinformat ics  fo r  eDNA metabarcoding  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  30  
3 .5  The  convent ional  Surber -ne t  sampl ing  (Net  sampl ing)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  31  
3 .6  Divers i ty  indices  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  31  
3.7  UniFrac  ana lys i s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  33  
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  36  
vii 
 
Chapter 4. Threshold for taxonomic identif ication . . . . . . . . . . . . . . . . . . . . . . .  38 
4.1  In t roduct ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38  
4 .2  Mater ia l s  and  methods  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38  
4 .3  Resul t s  and  d i scuss ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  39  
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41  
 
Chapter 5. Taxa detectabili ty of  eDNA on presence-absence data . .  42 
5.1  In t roduct ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  42  
5 .2  Mater ia l s  and  method ologies  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  44  
5 .2 .1  DNA data  used  for  chapte r  5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  44  
5 .2 .2  Data  ana lys i s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  44  
5 .2 .3  Visua l iza t ion  of  communi ty  d i ss imi lar i t i es  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45  
5 .3  Resul t s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45  
5 .3 .1  eDNA metabarcoding  taxonomic  ass ignment  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  46  
5 .3 .2  Morphologica l  t axonomic  ident i f ica t i on  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  47  
5 .3 .3  Binary  c lass i f ica t ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  47  
5 .3 .4  Visua l ized  communi ty  d i ss imi lar i ty  ( P/A)  us ing  nMDS  . . . . . . . . . . . . . . . . . . . . . .  48  
5 .4  Discuss ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  49  
5 .4 .1  Aquat ic  insec t  t axa  de tec ted  by  eDNA analys i s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  49  
5 .4 .2  Di ff icu l t i es  in  eDNA metabarcoding  for  aquat ic  insec t  . . . . . . . . . . . . . . . . . . . . . .  50  





Chapter 6. Can relative abundance data obtained by eDNA 
metabarcoding be useful to reveal community structure?  . . . . . . . . . . . . . .  63 
6.1  In t roduct ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  63  
6 .2  Mater ia l s  and  Method ologies  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  63  
6 .2 .1  DNA data  used  for  chapter  6  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  64  
6 .2 .2  Data  ana lys i s  methods  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  64  
6 .3  Resul t s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  65  
6 .3 .1  Taxa  r ichness  based  on  Presence /Absence  (P/A)  da ta  . . . . . . . . . . . . . . . . . . . . . . . .  66  
6 .3 .2  Communi ty  s t ruc ture  based  on  re l a t ive  abundance  of  to ta l  reads  or  
indiv iduals  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  67  
6 .3 .3  Time ser ies  var ia t ion  of  re la t ive  abundance  of  Ephemeroptera  . . . . . . . . . . .  68  
6 .3 .4  Time ser ies  var ia t ion  of  re la t ive  abundance  of  Tr ichoptera  . . . . . . . . . . . . . . . .  68  
6 .3 .5  Time ser ies  var ia t ion  of  re la t ive  abundance  of  Diptera  . . . . . . . . . . . . . . . . . . . . . .  69  
6 .3 .6  Visua l ized  communi ty  d i ss imi lar i ty  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  69  
6 .4  Discuss ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  70  
6 .4 .1  Recovery  of  t axa  r ichness  a f te r  the  f lood d i s turbance . . . . . . . . . . . . . . . . . . . . . . . .  70  
6 .4 .2  Tempora l  success ion  of  communi ty  based  on  re la t ive  abundance  . . . . . . . .  71  
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  91  
 
Chapter 7.  A quantification methodology for multiple taxonomic 
groups using eDNA .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  93 
7.1  In t roduct ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  93  
7 .2  Mater ia l s  and  Method ologies  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  95  
ix 
 
7.2 .1  DNA data  used  for  Chapter  7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  95  
7 .2 .2  Quant i ta t ive  PCR ampl i f ica t ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  95  
7 .2 .3  Formula  for  ca lcula t ion  of  DNA concent ra t ion  for  each  taxa  . . . . . . . . . . . . . .  96  
7 .2 .4  Sta t i s t i c  ana lys i s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  96  
7 .3  Resul t s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  97  
7 .3 .1  Rela t ive  abundance  for  aquat ic  insec t  obta ined  f rom eDNA  . . . . . . . . . . . . . . .  97  
7 .3 .2  Popula t ion  dens i ty,  dr ied -biomass  dens i ty  and ca lcula ted  eDNA  . . . . . . .  97  
7 .3 .3  Spat ia l  var ia t ion  of  abundance  revea led  by  Surber -ne t  and  eDNA  . . . . . . .  98  
7 .4  Discuss ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  99  
7 .4 .1  Popula t ion  or  b iomass  dens i ty?  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  99  
7 .4 .2  Var ia t ion  of  es t imabi l i ty  depending on  taxonomic  order  . . . . . . . . . . . . . . . . . .  100  
7 .4 .3  Technica l  d i ff icu l t i es  for  quant i t a t ive  es t imat ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100  
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .114  
 
Chapter 8. General conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  117 
8.1  Detec tabi l i ty  of  eDNA f or  r iver  benth i c  inver tebra tes  . . . . . . . . . . . . . . . . . . . . . . . . . . . .117  
8 .2  Traceabi l i ty  of  success ion  of  communi ty  s t ruc ture  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .117  
8 .3  Quant i f ica t ion  me thodologies  us ing  eDNA for  mul t ip le  t axa  . . . . . . . . . . . . . . . . . . .118  
8 .4  Conclus ion s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .119  
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  120  
 
Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  117 
x 
 
List of f igures  
 
1.1  Study f low of  t he  d i sser ta t ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10  
 
2.1  Study f ie ld  and sampl ing  s i t es   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20  
2 .2  Dai ly  average  d i scharge  a t  Hi rose -bash i  f low moni tor ing  s i t e   . . . . . . . . . . . . . . . . . . . .  21  
2 .3  Dai ly  average  d i scharge  a t  Yokata  f low moni tor ing  s i t e .   . . . . . . . . . . . . . . . . . . . . . . . . . . .  21  
2 .4  Image  of  gene  reg ion  of  mi tochondr ia l  DNA  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  22  
 
3.1  Flow of  b io informat i cs   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35  
3 .2  Abs t rac t  of  OTU c lus ter ing  and BLAST ass ignment  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35  
 
5.1  Component  of  eDNA sample  a t  Phylum leve l .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  55  
5 .2  St ruc ture  of  aquat ic  insec t  communi ty  by  eDNA subsampled  250 reads  in  
metabarcoding . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  56  
5 .3  Shannon d ivers i ty  p lo t s  obta ined  by  eDNA and Su rber-ne t  s ampl ing . .  . . . . . . . . . .  57  
5 .4  Communi ty  d i ss imi lar i ty  p lo t s  for  250  reads  subsampled  da ta . . .  . . . . . . . . . . . . . . . . . .  58  
5 .5  Communi ty  d i ss imi lar i ty  p lo t s  for  2 ,500 reads  subsampled  da ta . . . .  . . . . . . . . . . . . . .  59  
5 .6  The  b ip lo t  d i ss imi lar i ty  p lo t s  of  communi tes  and envi ronmenta l  s t ressors . . . . .  59  
 
6.1  Daily  mean d ischarge  a t  Yokata  and  Hirose -bashi  observat ion s i tes . . . . .  . .  79  
6 .2  Time-series  f luctuat ion  of  taxa  r ichness . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  80  
6 .3  Correspondence of  the total  number  of  fami ly r ichness  in  eDNA and Surber 
xi 
 
net  methods  a t  each  month. . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  81  
6 .4  Correspondence of  the amount  of  month ly change of  family r ichness  in  
eDNA and Surber  net  methods. . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  81  
6 .5  Correspondence of  rate of  change in  family r ichness  obtained  from eDNA 
and Surber net  methods. . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   82  
6 .6  Time-series  pat tern of  the community s t ructure  of  al l  orders . . . . . .  . . . . . . . . . . .  83  
6 .7  Time-series  pat tern of  community s t ructure of  order  Ephemeroptera . . . . . .  84  
6 .8  Time-series  pat tern of  the community  s t ructure of  order  Trichoptera . . . . . . 85  
6 .9  Time-series  pat tern of  the community s t ructure of  order  Diptera . . . . . .  . . . . .  86  
6 .10  nMDS plot  of  community  diss imilari ty. . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  87  
6 .11  Time-series  change of  communi ty  s t ructure  class i f ied by  tolerance  type 
for  dis turbance. . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  88  
6 .12  Time-series  change of  number  of  eDNA reads  c lassi f ied  by tolerance  type 
for  dis turbance for  Hir ose r iver. . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  89  
6 .13  Time-series  change of  number of  individuals  of  l arvae classi f ied by 
tolerance type for  d is turbance for  Hi rose r iver . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  89  
6 .14  Time-series  change of  number  of  eDNA reads  c lassi f ied  by tolerance  type 
for  dis turbance for  Natori  r iv er. . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  90  
6 .15  Time-series  change of  number of  individuals  of  l arvae classi f ied by 
tolerance type for  d is turbance for  Nator i  r iver. . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  90  
 
7.1  The  re la t ionships  be tween  the  popula t ion  dens i ty  of  to ta l  aquat ic  insec t  and  
eDNA. . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  103  
xii 
 
7.2  The  re la t ions hips  be tween b iomass  dens i ty  of  to ta l  insec t s  and  eDNA. . . . . . .  .  104  
7 .3  Spat ia l  var ia t ion  of  popula t ion  dens i ty  and eDNA of  each  order  in  Hi rose  
River. . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  105  
7 .4  Spat ia l  var ia t ion  of  popula t ion  dens i ty  and eDNA of  each  order  in  Nator i  
River. . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  106  
7 .5  Rela t ionships  be tween eDNA and indiv iduals  of  Ephemeroptera . . . . . . . .  . . . . . . . .  107  
7 .6  Rela t ionships  be tween eDNA and indiv iduals  of  Plecoptera . . . . . . . .  . . . . . . . . . . . . . .  108  
7 .7  Rela t ionships  be tween eDNA and indiv iduals  of  Tichoptera . . . . . . . .  . . . . . . . . . . . . . .  109  
7 .8  Rela t ionships  be tween eDNA and in div iduals  of  Diptera . . . . . . . .  . . . . . . . . . . . . . . . . . . . .110  
7 .9  Rela t ionships  be tween eDNA and indiv iduals  of  Coleoptera . . . . . . . .  . . . . . . . . . . . . . . .  111  





List of tables  
 
2.1  Fie ld  informat ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19  
2 .2  Corresponding tab le  of  used  da t a  and chapter  number  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19  
 
4.1  Resul t s  of  genet ic  ident i t i es  wi th in  each  taxonomic  c lass i f ica t ion  leve l  . . . . . . .  40  
 
5.1  Concept  of  b inary  c lass i f ica t ion  for  chapter  5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  52  
5 .2  Observed  envi ronmenta l  s t ressors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  52  
5 .3  Resul t s  of  metaba rcoding  and Surber  ne t  sampl ing  use d  in  chapter  5  . . . . . . . . . . . .  53  
5 .4  Resul t s  of  b inary  c lass i f ica t ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  54  
5 .5  Corre la t ion  be tween envi ronmenta l  s t re ssors  and communi ty  . . . . . . . . . . . . . . . . . . . . . . .  54  
 
6.1  Metabarcoding  re sul t s  and  Surber  ne t  s ampl ing  resul t s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  74  
6 .2  Taxa  de tec ted  by  eDNA metabarcoding  and Surber  ne t  sampl ing .  . . . . . . . . . . . . . . . . .  73  
6 .3  Class i f ica t ion  by  to le rance  type  for  d i s turbance ,  modi f ied  f rom Furutani  and  
Tanaka  (2014) . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  78  
 
7.1  Rela t ive  abundance  (%)  of  aquat ic  in sec t  groups  der ived  f rom sequence  read  
abundance .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .113  




List of pictures  
 
2.1  Landscape  of  s i t e  H1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  23  
2 .2  Landscape  of  s i t e  H2   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  23  
2 .3  Landscape  of  s i t e  H3  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24  
2 .4  Landscape  of  s i t e  N1   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24  
2 .5  Landscape  of  s i t e  N2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  25  
2 .6  Landscape  of  s i t e  N3   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  25  
 
3.1  Aquat ic  insec t  sampl ing  us ing  Surber -ne t  wi th  quadra t  f rom r iver  bed  . . . . . . . . . .  34  








1.1 Biomonitoring for adopting global environment change 
 
Biological monitoring is essential to sustainable society since natural ecosystems have 
been threatened by serious environmental changes. Particularly, freshwater ecosystems 
require long-term and broad-areal monitoring because they are highly relevant to 
Sustainable Development Goals (SDGs). Freshwater systems provide irreplaceable 
ecological services such as water supply (Goal 2 ‘Zero hunger’, and 6 ‘Clean water and 
sanitation’) and fishery resource (Goal 2, 14 ‘Life below water’ and 15 ‘Life on land’) 
and also habitat for numerous rare and endangered species. However, freshwater is 
estimated the most vulnerable ecosystem (Sala et al., 2000) since its hydro-physical 
condition such as water temperature and discharge are depending on climate and it is 
already affected to anthropogenic stressors such as discharge decreasing by water 
abstraction and habitat disconnecting by damming, and water quality declining by land-
use changes (Woodward et al., 2010). 81% of the population of freshwater vertebrates 
had been lost within 42 years from 1970 to 2012 (WWF, 2016) and this percentage is 
higher than other ecosystems e.g. terrestrial (37%), and ocean (52%).  
Despite these serious situations, the environmental impacts on ecosystems are 
not fully understood yet due to the large problem of lack of sustained spatial and temporal 
biological data. Ecosystem diversity i.e. ecosystem diversity, species diversity, and 
genetic diversity is one of the fundamental information to measure biodiversity, that is 
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known to be influenced by environmental stressors (Emilson et al., 2017; Watanabe et 
al., 2014). However, measuring species diversity requires several times of sampling 
because species emergence varies depends on seasons and places (Helms et al., 2009; 
Johnson et al., 2012; Vieira et al., n.d.). For example, some species of benthic 
invertebrates in river emerge a limited season therefore one-time sampling could overlook 
that species (Sueyoshi et al., 2016, in Japanese). Besides, quantitative data i.e. density of 
population and biomass data can provide the productivity rate of the system. It is also 
meaningful to compare and estimate the ecological services e.g. catch amount for 
fisheries and predict the extinction/mass generation of animals. However, because 
quantitative data is highly fluctuating depending on the sampling points and timings, 
multiple (replicated) samplings are required to obtain annual patterns or general patterns 
of quantitative variation. Moreover, species composition based on relative abundance or 
P/A data provides the status of the ecosystem because the ecological system consists of 
several communities that have different functional traits e.g. decomposer, producer, and 
consumer. Since organisms in the community interact with each other, including 
competition and dispersion, the trend of composition in the community also helps to 
measure the impact of complex stressors. However, monitoring community structure also 
needs a longer sampling term. 
Indeed, conventional biological surveys have certain limitations to be conducted 
frequently. First, different survey approaches and experienced people have to be 
employed for collecting each target organism. Investigators need to obtain a hang of each 
methodology, for example, to capture fishes, observe birds visually, and collect benthic 
animals with small loss of individuals. However, it is commonly difficult to maintain the 
number of experienced investigators and to uniform the abilities among investigators. 
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Even the numerical model can calibrate and consider these non-uniformities of survey 
data, the labor burden directly makes difficulties to consecutive monitoring. Second, 
morphological taxonomic identification is usually time-consuming. Taxonomists, high 
level expertized people who cover the latest knowledge of morphological keys and 
ecology of each group, are required for precise taxonomic identification, but the number 
of them is limited. Third, morphological keys are insufficient because they cannot be 
applied for cryptic taxa, and they are often effective only for a particular life stage (e.g. 
final stage of larvae, breeding period) or gender (e.g., male genitals) of organisms. Hence, 
biological monitoring needs to be improved for continuous surveillance. 
 
 
1.2 Pros and cons of environmental DNA 
 
Environmental DNA (eDNA), a new biomonitoring strategy, can solve the inherent issues 
in conventional methods. eDNA means the DNA that is extracted from an environmental 
sample such as water, soil, ice. eDNA is originated from metabolites such as the skin cells, 
mucus, saliva, feces of macro-organisms (Rees et al., 2014). eDNA enables fast detection 
without individual identification owing to signals by the success of DNA amplification 
using Polymerase Chain Reaction (PCR) can tell the presence of the target species, once 
species-specific primer sets are developed referring their sequence data. Sampling for 
eDNA just requires the grab samplings of environmental samples at fields, and the 
samples are assayed by molecular biological approaches in a laboratory, such as DNA 
extraction, PCR for detecting a specific organism. Hering et al. (2018) summarize the 
effectiveness of eDNA by each Biological Quality Elements categories, and report that 
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sampling effort is reasonably smaller than conventional methods for phytoplankton, 
phytobenthos, invertebrates, and fish in rivers. In addition, eDNA can minimize time and 
economic costs than traditional methods. Yamanaka and Minamoto (2016) report that the 
PCR approach using eDNA enables around five-folded shorter hours for sample 
processing than the conventional survey for habitat detection for fishes. Moreover, eDNA 
can examine various organism group with a coherent sampling method. eDNA extracted 
from water samples can detect most of organisms e.g. fishes (Ficetola et al., 2008), 
amphibians (Goldberg et al., 2018), birds (Ushio et al., 2018), insects (Deiner et al., 2015), 
mammals (Ushio et al., 2017), and algae (Shaw et al., 2019) while the best protocol 
differs from organisms. 
eDNA has significant advantages in taxa detection with the metabarcoding 
approach. Metabarcoding is a genomic identification that exploits the variety among 
DNA sequences of each organism as 'barcodes' of life to identify the taxonomic diagnoses 
(Hebert et al., 2003; Wilson, 2012) for multiple species/samples by a high throughput 
sequencing e.g. Illumina MiSeq (Deiner et al., 2017). To detect multiple taxa, 
metabarcoding employs the ‘universal’ primer sets that can bind to a wide variety of DNA 
templates. By eDNA metabarcoding with universal primer for fish, 93.3% of sea fish 
species in aquariums can be revealed (Miya et al., 2015). It can provide not only aquatic 
invertebrate species but also terrestrial species when applied to DNA extracted from river 
water (Deiner et al., 2016). Regarding cost-benefit, Fernández et al. (2018) show that 
effort cost of eDNA metabarcoding is one fifth that of conventional survey method while 
money cost is still higher in eDNA at the current moment. eDNA metabarcoding provide 
ecological information that could not be revealed by conventional methods. 
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Since eDNA approaches are in their early stage of development, the crucial 
problems have remained (Cristescu and Hebert, 2018; Goldberg et al., 2015). In particular, 
eDNA in river systems detect false negatives and false positives due to the inflow of 
biological DNA living in the upper stream and resuspension of DNA restored in 
sediments. In addition, the amount of eDNA release rate and degradation rate for each 
species are mostly unknown. Furthermore, an insufficient reference database of DNA 
sequences and unsuitable PCR primers can lead the false negatives.  
Nevertheless of the uncertainties in the current situation, eDNA can be promised 
the objectivity of data and its analysis. Grab sampling does not require higher skill, then 
it is highly objective. Moreover, most of the parts of eDNA sample processing can be 
automated with new technologies. In the sampling phase, for example, Unmanned Aerial 
Vehicle (UAV) is successful to take a water sample without contamination (Doi et al., 
2017). Accomplished equipment to allow on-site eDNA analysis are intensively 
developed by business companies, such as filtering (“eDNA Sampler Backpack”, Smith-
Root, WA, USA), DNA extraction (Thermo Fisher Scientific, MA, USA), PCR (“Eco 
Real-Time PCR”, Illumina, CA, USA), and metabarcoding (“MinION”, Oxford 
Nanopore Technologies, UK) The molecular assay process mostly can be automated to 
handle vast samples, eliminating human intervention, and reducing or homogenizing 
processing errors (Porter and Hajibabaei, 2018). Samples and extracted DNA can be 
preserved in a deep freezer (-80°C) for a long time, therefore it can be re-analyzed in the 
future. For eDNA metabarcoding, not only data owner but also a third party can re-
analyze the sequenced data obtained from eDNA metabarcoding since the data is 
registered for an open database such as the National Center for Biotechnology 
Information (NCBI), DNA Data Bank of Japan (DDBJ). Owing to these flexibility, effort-
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1.3 Research gap in the utility of eDNA for benthic invertebrate in river systems  
 
eDNA is not yet fully explored in its utility while eDNA is of interest from various science 
fields, government, and industry. Particularly, eDNA studies targeting benthic 
invertebrates in river systems, namely aquatic insects, are limited. Aquatic insects have 
been used as bio-indicators due to their sensitivities of environmental changes for around 
40 years (Armitage et al., 1987; Blocksom and Johnson, 2009; Wallace et al., 1996). They 
also compose of core community to maintain freshwater food web, since they play roles 
as primary consumer and secondary producers as food for higher trophic level predators 
(Nakano et al., 1999). Therefore, continuous monitoring of this group is expected to 
ostensively show environmental changes and ecological status. However, according to 
Roussel et al. (2015), the number of published papers of eDNA has rapidly grown but not 
for Arthropods with only 8% of total papers, which is mostly occupied by crustacean e.g. 
amphipod and crayfish. Following the literature analysis methodologies by Roussel et al 
(2015), a total of 14 relevant articles were found on 12th November 2019 from the Web 
of Science using the following criteria: eDNA AND water OR freshwater OR stream OR 
river AND aquatic insect OR insect OR macroinvertebrate. Even the number of reports 
increased from 2015, it is still 0.18% of total 7,923 eDNA publications (Web of Science 
on 12th November 2019 with following searching criteria: eDNA AND water OR 
freshwater OR stream OR river AND environmental DNA NOT extracellular DNA). The 
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first eDNA paper on fish in the world was published in 2008 by Ficetola et al., whereas 
the first publication on aquatic insects was in 2014, indicating a lack of interest in insects. 
This situation was due to comparably higher interest in fishes and amphibians for the 
priority in conservation and protection, and in fishes and bivalves for its importance as 
fishery productivity. 
 eDNA researches also tackle to quantitative evaluation of organisms because 
abundance-based data such as population and biomass are fundamental information to 
evaluate the trends of the biological community. PCR based methods are generally 
conducted to quantify the amount of DNA (Jo et al., 2019; Katano et al., 2017; Nukazawa 
et al., 2018). Indeed, PCR is an established method to measure DNA since it had 
published (Mullis and Faloona, 1985). However, because of its specificity for target 
organisms, it is effective only to the targeted organisms and species-specific primers have 
to be developed one by one. On the other hand, metabarcoding allows targeting broader 
organisms at once. Metabarcoding has been used extensively by environmental DNA 
research to clarify the biota of samples. Metabarcoding using MiSeq specifically 
amplifies the target DNA region by PCR using universal primers and decodes the 
sequence with a fluorescent signal. However, there are two crucial biases because of the 
variations of sequences between species: first, the ease of binding between the universal 
primer and the sequence varies depending on species (primer bias). Second, the PCR 
amplification efficiency also varies between species (PCR bias). Due to these biases, the 
proportion of sequences that are low amplification efficiency becomes very small when 
there are amount of sequences that are high efficiency. That is, the ratio of the number of 
sequences reads obtained by metabarcoding (relative abundance) does not accurately 
recover the original ratio of DNA in the sample or animal abundance in the community 
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(Cristescu and Hebert, 2018; Elbrecht et al., 2017). Therefore, eDNA metabarcoding 
studies could not step into quantitative evaluation (Hajibabaei et al., 2019; Macher et al., 
2018). However, in metabarcoding studies using tissue DNA extracted from animal 
bodies, a positive correlation was confirmed between the abundance of living organisms 
and the number of sequences (Amend et al., 2010; Elbrecht and Leese, 2015; Saitoh et 
al., 2016; Serrana et al., 2018). Quantitative comparison within species should be tested 
in the context of eDNA even though between species comparison can be skewed because 
of the biases.  
 
1.4 The purpose and structure of the dissertation 
 
The present dissertation aimed to explore the utility of eDNA for river benthic 
invertebrate community in terms both of presence/absence and relative abundance. 
Finally, this dissertation developed a quantification methodology for benthic invertebrate 
in the river using eDNA. The dissertation was composed of eight chapters (See Fig. 1.1). 
Chapter 1 explained the study purpose referring general background of biomonitoring and 
eDNA studies. In chapter 2, the study field and target genome region were explained. 
Briefly, the present research was conducted in two rivers from Natori River Basin, Miyagi 
Prefecture in Japan, with targeting cytochrome oxidase subunit I region of mitochondrial 
DNA of benthic invertebrates. Materials and methodologies for data collection, assay and 
analysis were described in chapter 3. Chapter 4 showed the methodologies to determine 
the numerical threshold for taxonomic diagnoses based on sequences but were 
independent of chapter 3 because it contained individual results. Chapters 5 to 7 were the 
main bodies of this dissertation, containing each introduction, materials and 
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methodologies, results and discussion. In chapter 5, the presence/absence detectability for 
benthic invertebrate in the river was examined by comparing eDNA metabarcoding and 
a conventional sampling method. Chapter 6 explored the utility of read counts derived by 
metabarcoding for community structure monitoring focusing on succession after flood 
disturbance. Chapter 7 developed a quantitative methodology for multiple benthic 
invertebrate groups using eDNA metabarcoding and quantitative PCR. Finally, chapter 8 
expressed the general conclusion, limitations, and perspectives about eDNA for a new 
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Study field and target gene region 
 
 
2.1 Sampling site in Natori River basin 
 
Field sampling was conducted at Hirose River and Natori River, which are located in the 
Natori river basin, Miyagi Prefecture, northeast Japan (Fig. 2.1). These are temperate rivers 
that originate in the Zao-Funagata Mountains and flow through the hills at the middle reach 
and through urbanized flatlands at the lower reach, and finally output into the Pacific Ocean. 
The length of Hirose River channel is 45.2 km and the catchment area is 315.9 km2. Natori 
River is 55.0 km long and the catchment area is 623.0 km2 (not including the Hirose River 
basin). The average bed slope of rivers is steep in the upstream area with 1/10 to 1/100, 
moderate in the hilly middle area with 1/100 to 1/200 and flat in downstream to river mouth 
area with 1/200 to 1/3000. Sampling was conducted at the six reaches from upland- to 
lowland-domains along the two rivers. The sampling campaign was almost done in 2016, 
but to observe the seasonal change of DNA concentration in a various land-used river, it was 
conducted in 2017-2018 (for details, see Fig. 2.1, Table 2.1 and Table 2.2). The daily mean 
discharge of two rivers at the downstream monitoring site of the Ministry of Land, 
Infrastructure, Transport and Tourism of government of Japan (MLIT) were shown in Fig. 
2.2 and Fig. 2.3. Natori River Basin has total 1,864 taxa of terrestrial insects, 614 taxa of 
benthic invertebrates, 95 taxa of fishes, 129 of birds, 18 of mammals, 7 of reptiles and 7 of 
amphibians, according to National Census on River Environmental data from five times 
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survey in 1995, 2000, 2005, 2009 and 2014. The images of the landscape for each sampling 
site (H1-H3, N1-N3) were shown in Picture. 2.1 - 2.6. 
 
2.2 Target DNA region 
 
Mitochondrial gene cytochrome c oxidase subunit I (COI) were established as a global 
identification region for animals by Hebert et al. (2003) because COI has significant 
advantages as a target region for barcoding (Chial & Craig 2008). The one is that the 
universal primer for this region is highly conserved and robust, therefore its 5’ end can be 
recovered from representatives of most (Folmer et al., 1994). The other is its greater range 
of phylogenetic signal than any other gene of the mitochondrion. Due to the rapid evolution 
of this gene, it enables to discriminate not only closely allied species but also intraspecific 
phylogeographic groups (Cox and Hebert, 2001; Wares and Cunningham, 2001). The DNA 
barcoding using COI region of animals has been promoted by powerful and international 
projects, such as Barcode of Life (BOL) from USA, Biomonitoring 2.0 in Canada, and also 
for insects (Clarke et al., 2014). Hence, the sequence database of COI region is the most 
prevalent for invertebrates. From the above reasons, the present study targeted COI region 
for eDNA barcoding for benthic invertebrates. The universal primer set developed by Folmer 
et al., (1994) was used in the present study, i.e. LCO1490 (5′-GGT CAA CAA ATC ATA 
AAG ATA TTG G-3′) as forward primer and HC02198 (5′-TAA ACT TCA GGG TGA 
CCA AAA AAT CA-3′) as reverse primer, resulting in an amplification of a 658-bp 
fragment. Folmer et al (1994) had tested the utility of this primer sets with 11 Phylum of 
invertebrates, namely, Echinodermata, Mollusca, Annelida, Pogonophora, Arthropoda, 
Nemertinea, Coelenterata. After then, orders from class ‘Insecta’ also had tested, such as 
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Ephemeroptera, Plecoptera, Trichoptera, Diptera (Smith 2006 & 2007), Coleoptera 
(Greenstone 2005), Hemiptera (Habeeb & Sanjayan 2011), Lepidoptera (Hajibabaei et al., 
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Table 2.2 Corresponding table of used data and chapter number 
 
Chapter Target Data type 
Sampling 
site(s) 




p/a data (spatial) 
H1, H2, H3 
N1, N2, N3 
Jun. and Nov. 
2016. 
Peer J (EN) 
(in review) 













7 quantification relative abundance x qDNA 
H1, H2, H3 
N1, N2, N3 




ECE; Ecology and Civil Engineering, JSCE; Japanese Society of Civil Engineering 
Brackets in the columns of “original paper” show the current status of papers (2020/1/20). 
 









H1 Sakunami 38.333434 140.650057 318 4.81 
H2 Ayashi 38.291642 140.693276 133.4 93.13 
H3 Oritate 38.266085 140.814608 63.4 190.81 
Natori 
N1 Akiu 38.256346 140.672513 130.8 81.38 
N2 Akiu hot spring 38.219647 140.739300 66.7 134.81 




Fig. 2.1 Study field and sampling sites. Orange circles represent sampling sites of Hirose 
River, while blue circles represent that of Natori River. The circles with gray rectangles i.e. 
H3 and N1 are used for seasonal analysis. In addition, green triangles represent flow 








Fig. 2.2 Daily average discharge at Hirose-bashi flow monitoring site. The site locates in 





Fig. 2.3 Daily average discharge at Yokata flow monitoring site. The site locates in Natori 












Picture. 2.1 Landscape of site H1 (taken by the Author 2015/7/9) 
 
 




Picture. 2.3 Landscape of site H3 (taken by the Author 2015/7/9) 
 
 




Picture. 2.5 Landscape of site N2 (taken by the Author 2015/7/8) 
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The methodologies to analyze eDNA have been advancing constantly after the first 
publication of eDNA in the world by Ficetola et al. (2008). The capture and extraction 
methods are depending on the target organisms (Deiner et al., 2015). Therefore, the present 
study employed suitable protocols to detect and quantify the invertebrate DNA from water 
samples, by referring mainly published papers until 2016. The methodologies in 
bioinformatics were mainly established by modifying the pipeline for analysis of the 
microbiome. In particular, the rationale thresholds for taxonomic identification were 
explored based on the theoretical idea from the field of microbiology (Yarza et al., 2014) in 
Chapter 4. While this study used the following methodologies and mostly succeeded 
detection of benthic invertebrate eDNA, the protocols should be improved with innovating 
new information from time to time because the technologies and methodologies are evolved 
fast. 
 
3.2 eDNA sampling and extraction 
 
Water samples for eDNA analysis were collected before the conventional collection method. 
The plastic bottles for eDNA sampling were sterilized with 10% chlorine bleach (Kao 
Corporation, Tokyo, Japan) and rinsed with tap water in the laboratory, and subsequently 
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washed three times with river water at the collection site before sampling. At each site, 1 L 
of flowing surface water was collected (Mächler et al., 2016) at the end of riffles to take 
DNA originated from various aquatic insects. Note, the surface water is not necessarily 
representative of the whole of the aquatic insect community in each site but all of the samples 
in this study were taken from the surface water nevertheless of water depth. Bottled water 
samples were transported to the laboratory on ice in a cool box. Water samples were filtered 
on that day using vacuum filtration with 47-mm diameter glass-fiber filters with a 0.7-µm 
pore size (GF/F, Whatman, 1 L/filter). These filtered samples were stored at −20°C until 
DNA extraction. DNA was extracted from the filters through lysis using proteinase K at 
56°C for 30 min. After incubation, the supernatant was subjected to phenol-chloroform-
isoamyl alcohol extraction and ethanol precipitation. Eventually, the elution was purified 
using the OneStep PCR Inhibitor Removal Kit (Zymo Research, Irvine, CA, USA) with a 
final volume of 100 µl. 
 
3.3 Library preparing for eDNA metabarcoding 
 
For MiSeq library preparation, a three-step PCR was conducted. The first PCR was 
performed in a total volume 20 µl PCR mixture containing 10 µl of TaqTM HS Low DNA 
(TaKaRa, Kyoto, Japan), 0.4 µl each of 10 µM forward and reverse primers, 17.2 µl ultra-
pure water, and 2.0 µl of template DNA. The PCR conditions were as follows: 35 cycles at 
94°C for 5 s, 50°C for 5 s, 68°C for 10 s; and a final extension at 68°C for 7 min. The 
fragment size of amplicons and concentrations were verified by electrophoresis using the 
Agilent 2100 Bioanalyzer DNA7500 kit (Agilent, Santa Clara, CA, USA). PCR products 
were purified using the Agencourt AMPure XP (Beckman Coulter, Brea, CA, USA) and the 
purified products were used as the template for the following. The second PCR was 
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performed to add the overhang sequences that required amplification with the Nextera XT 
Index Kit v2 for Illumina MiSeq analysis using Ex Taq Hot Start Version (TaKaRa, Kyoto, 
Japan). The PCR conditions were as follows: 94°C for 2 min; followed by 5 cycles of 94°C 
for 30 s, 50°C for 30 s, 72°C for 30 s; and a final extension at 72°C for 5 min. The amplicons 
were electrophoresis verified and purified in the same way as those from the first PCR, and 
the purified products were used as templates for the following. The third PCR was performed 
using Ex Taq Hot Start Version and Nextera XT Indice Kit v2 Set A (Illumina, San Diego, 
CA, USA). The PCR conditions were followed: 94°C for 2 min; followed by 8 cycles of 
94°C for 30 s, 50°C for 30 s, 72°C for 30 s; and a final extension at 72°C for 5 min. After 
purification by AMPure XP and verification by BioAnalyzer, the final PCR amplicons were 
quantified using the Qubit dsDNA High Sensitivity Kit. The sequencing of prepared libraries 
was performed following the manufacturer’s instructions for MiSeq. More details were 
described in the Appendix. 
 
3.4 Bioinformatics for eDNA metabarcoding 
 
The sequence lengths were 658 bp; therefore, the forward and reverse reads in our study 
could not be merged while MiSeq Reagent Kit v3 (600 cycles) were adopted. Elbrecht and 
Leese (2017) demonstrated that invertebrate species could be identified at the reverse side 
of the CO1 region through an in silico PCR. Therefore, we conducted a subsequent analysis 
using the reverse side sequence. A flow of bioinformatics analysis is shown in Figure 3.1. At 
first, raw sequence reads were subjected to the Trimmomatic v0.36 software to discard low-
quality sequences and read sequence lengths of <150 bp. Filtered reads were clustered into 
operational taxonomic units (OTUs) with an identity cut-off value of 97% which is a 
common approach for invertebrate metabarcoding analyses (Macher et al., 2018) using 
31 
 
QIIME (Caporaso et al., 2010); subsequently, OTUs with singleton sequences were removed. 
The most frequently occurring sequences in each OTU were extracted as representative 
sequences. An abstract figure of BLAST assignment is shown in Figure 3.2. Taxonomic 
identification was performed by BLAST search using the QIIME script 
“assign_taxonomy.py” with a minimum percent identity of 85% (see Chapter 4) and a 
maximum e-value of 10−50 (Fernández et al., 2018). The assignment was performed against 
3,433,026 sequences retrieved from the NCBI database by the following search criteria: 
cytochrome [all fields] AND oxidase [all fields] AND mitochondrion [filter]. 
 
3.5 The conventional Surber net sampling (Net sampling) 
 
Conventional aquatic insect collection was conducted at the same sites and on the same days 
but after eDNA sampling. It was performed using a Surber net of 250-µm mesh size, in a 30 
cm x 30 cm quadrat at randomly selected a riffle and a pool habitat in rivers (collection area 
in total: 0.18m2 /reach, see Picture 3.1, 3.2). Collected invertebrates were placed in a 99.5% 
ethanol solution and morphological identification using a stereomicroscope (Leica MZ APO, 
Leica, Germany) by referring to the identification key for the aquatic insects of Japan (Kawai 
and Tanida, 2018). Because morphological identification was difficult for some aquatic 
insects, particularly Chironomidae and some Baetidae. Individuals and richness and dried-
biomass were summarized at family level. Finally, the larvae were put in an oven at 60°C 
for 24 hours and measured the dried biomass by each finest taxonomic group. 
 
3.6 Diversity indices 
 
Diversity indices were employed to compare biological diversities between communities. 
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Alpha diversity was measured by the taxonomic richness that the number of taxon member 
comprised communities. Beta diversity metrics assess the differences between biological 
communities. In the present study, spatial/temporal community changes were discussed 
based on the dissimilarity indices. For presence and absence data, Sorensen's dissimilarity 
(see formula [3-1]) index was used. This index is evaluated the good simulation results than 
other binary indices such as the Jaccard index. As for relevancy with the Sorensen index, the 
Bray-Curtis index (see formula [3-2]) was applied for population abundance data. In addition, 




𝑆𝐴, 𝑆𝐵: the number of member (taxonomic richness) of community A (B) 





𝑥𝐴𝑖, 𝑥𝐵𝑖: population abundance of taxon i in community A (B) 




?̂?𝐴, ?̂?𝐵: estimated probability of choosing shared taxon from community A and B. 
 
𝐵𝑟𝑎𝑦 − 𝐶𝑢𝑟𝑡𝑖𝑠 𝑖𝑛𝑑𝑒𝑥(𝐴𝐵) =
∑ |𝑥𝐴𝑖 − 𝑥𝐵𝑖|
𝑛
𝑖=1
















3.7 UniFrac analysis 
Unique Fraction (UniFrac) metrics are a phylogenetic-based method that considers 
evolutionary divergence based on a branch length of a phylogenetic tree. Firstly, a 
phylogenetic tree is constructed by reference sequences from the database. Secondary, 
UniFrac distance is calculated by the proportion of shared branch length and unique branch 
length. For example, if the two comparing taxa are identical, the distance is only 0 but if the 
two are completely non-identical, the distance is 1. There are two types for UniFrac Distance: 
one is Unweighted UniFrac distance which shows the member of the community without 
these read abundance. The other is Weighted UniFrac distance which uses branch length 










Picture 3.1. Aquatic insect sampling using Surber-net with quadrat from river bed 
 
 








Fig. 3.1. Flow of bioinformatics 
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Taxonomy is a fundamental discipline to make precise communication between scientists 
and the general public for interpreting ecological status (Yarza et al., 2014). DNA 
barcoding enables taxonomic identification using sequence data solely since it includes 
molecular chronometers. For example, in the field of microbiology, the species can be 
identified using threshold between 98-99% 16S rRNA gene sequence identity (Yarza et al., 
2014). Following this, many studies for benthic invertebrate using molecular approach also 
apply the threshold 97% for species identification. However, there is no rationale threshold 
for the identification of aquatic insects by COI gene sequence identity. In Chapter 4, 
thresholds to circumscribe the resolution of taxonomic identification for aquatic insects 
were explored by targeting mitochondrion COI region sequences which is the vastest in the 
open DNA sequence database. 
 
 
4.2 Materials and Methods 
 
For assignment of the taxonomy of aquatic insects, we surveyed the sequence identity of 
Cytochrome Oxidase subunit 1 (CO1) region of mitochondrial DNA at the order, family, 
genus and species level. We focused on three aquatic insect orders, Ephemeroptera, 
Plecoptera and Trichoptera (E/P/T) because they are popular in the aquatic ecosystem and 
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important to assess river environment. For analysis, nine species were selected from orders 
EPT since they frequently appeared in the study area. Sequence data were obtained from 
the NCBI database in August 2018. The obtained data were used to create a database using 
the Arb software (The ARB Project) to extract suitable sequence data (i.e., sequence length 
>300 bp and published in any journal), and randomly selected sequences for each species 
were used for calculation. Subsequently, the data were aligned using Clustal X and the 
sequence identity among the species, genus, family, and order level were calculated using 
“dnadist” application of Philips ver. 3.67. 
 
 
4.3 Results and discussion 
 
Intra-species sequence identity was extremely high (median ± SE =0.991 ± 0.006) 
meanwhile intra-genus sequence identity was drastically reduced (median ± SE =0.854 ± 
0.019) (S2 Table). Intra-family and intra-order sequence identities were 0.831 ± 0.019 and 
0.779 ± 0.007, respectively. This result was consistent with Wakimura et al. (2016) who 
investigated that genetic similarities among several species of Ephemeroptera corrected 
from Japan and Taiwan, said the CO1 region has strongly preserved the sequence among 
species but highly mutated among higher taxonomic level. The previous study used the 
sequence identity of 90% for the family level assignment (Fernández et al., 2018). But the 
based on the analysis (Table S2), 90% sequence identity seems high for family level 
assignment. Setting a higher threshold reduces the risk of false-positive but increases the 
rate of false-negative. Therefore, in this study, the sequence identity of 85%, corresponding 




Figures and tables 
 




 (mean of median±SE ) Order Family Genus Species N (seqs) mean median sd se min MAX
E 139 0.6942 0.7771 0.1838 0.0156 0.3091 0.9978
P 92 0.8108 0.8048 0.0323 0.0034 0.7459 0.9873
T 426 0.7578 0.7537 0.0501 0.0024 0.4115 0.9982
Summary 657 0.7543 0.7785 0.0888 0.0071 0.4888 0.9944
Heptageniidae 92 0.7238 0.8047 0.1789 0.0187 0.3405 0.9978
Ephemerellidae 26 0.8053 0.7949 0.0458 0.0090 0.7458 0.9978
Baetidae 18 0.6337 0.7787 0.2452 0.0578 0.3295 0.9885
Nemouridae 27 0.8440 0.8348 0.0388 0.0075 0.7877 0.9873
Perlidae 35 0.8226 0.8076 0.0459 0.0078 0.7659 0.9891
Chloroperlidae 20 0.8704 0.8558 0.0444 0.0099 0.8124 0.9865
Hydropsychidae 102 0.7571 0.8397 0.1722 0.0171 0.3824 0.9964
Apatanidae 26 0.9126 0.9074 0.0398 0.0078 0.8348 0.9959
Limnephilidae 36 0.7052 0.8597 0.2212 0.0369 0.4449 0.9980
Summary 382 0.7861 0.8315 0.1147 0.0191 0.6049 0.9930
Heptageniidae Heptagenia 177 0.8951 0.8799 0.0885 0.0067 0.4031 0.9982
Ephemerellidae Baetis 27 0.8184 0.7985 0.0587 0.0113 0.7495 0.9982
Baetidae Ephemerella 19 0.6864 0.7905 0.2382 0.0547 0.3882 0.9945
Nemouridae Acroneuria 9 0.9012 0.8385 0.0795 0.0265 0.8312 0.9982
Perlidae Nemoura 26 0.8671 0.8603 0.0416 0.0081 0.8167 0.9982
Chloroperlidae Haploperla 8 0.9250 0.9047 0.0606 0.0214 0.8330 0.9982
Hydropsychidae Hydropsyche 200 0.7500 0.8415 0.1778 0.0126 0.3821 0.9982
Apatanidae Apatania 54 0.9220 0.9129 0.0346 0.0047 0.8639 0.9982
Limnephilidae Drusus 73 0.7051 0.8597 0.2192 0.0257 0.4469 0.9982
Summary 593 0.8301 0.8541 0.1110 0.0191 0.6350 0.9978
Heptageniidae Heptagenia H. Pilla 82 0.9959 1.0000 0.0191 0.0021 0.8711 0.9982
Baetidae Baetis B. Phoebus 177 0.9972 1.0000 0.0252 0.0019 0.7568 0.9982
Ephemerellidae Ephemerella E. Needhami 49 0.9927 1.0000 0.0326 0.0047 0.8312 0.9982
Perlidae Acroneuria A. Frisoni 184 0.9957 0.9964 0.0034 0.0003 0.9855 0.9982
Nemouridae Nemoura N. Cambrica 49 0.9833 0.9981 0.0317 0.0045 0.8421 0.9982
Chloroperlidae Haploperla H. Brevis 42 0.9823 1.0000 0.0362 0.0056 0.8240 0.9982
Hydropsychidae Hydropsyche H. Simulata 189 0.9863 0.9945 0.0461 0.0034 0.7057 0.9982
Apataniidae Apatania A. Dalecarlica 107 0.9972 0.9982 0.0048 0.0005 0.9800 0.9982
Limnephilidae Drusus D. Discolor 205 0.8628 0.9789 0.2071 0.0145 0.5107 0.9981
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The conventional surveillance for benthic invertebrate in river based on kick net or Surber 
net sampling is subject to several issues. Firstly, a field sampling process include errors 
between observers, e.g., experienced and untrained observers (Zurell et al., 2010). 
Subsequent processes, sorting and morphological identification, are the most time-
consuming parts and requiring a trained person, and also often includes identification error 
(Haase et al., 2006). In addition, the direct sampling methods cannot avoid to destruct natural 
habitat and organism’s bodies. These difficulties have become a bottleneck for sufficient 
surveys. DNA-based approaches are prospected to overcome these difficulties and provides 
alternative tools for multiple taxa detection and identification (Baird and Hajibabaei, 2012; 
Hering et al., 2018; Leese et al., 2018). DNA metabarcoding examining bulk or tissue 
samples has great contribution to reveal taxonomic names with high resolution and small 
failure even if organisms are difficult to be identified morphologically (Carew et al., 2013; 
Elbrecht and Leese, 2015; Hajibabaei et al., 2011; Serrana et al., 2018). Hence, DNA-based 
identification of benthos is widely applied to biomonitoring applications (Aylagas et al., 
2014). It is less time consuming because it does not require individual identification. In 
addition, the analysis skill can be acquired in a short period compared to morphological 
identification skills. However, several issues (e.g., sampling bias, disturbance of habitat, 
ethical problem etc.) still remain in the DNA-based approaches using bulk/ tissue samples 
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because the approaches use the same sampling methods and treat the sampled organisms as 
traditional approaches. 
Recently, environmental DNA (eDNA) is being paid attention and becoming more 
attractive due to its unique advantages (Rees et al., 2014; Smart et al., 2015). eDNA 
potentially reduces sampling bias due to its simple sampling method (e.g. grab sampling of 
water, soil, etc.). In addition, it can escape from the issues such as disturbance of habitat and 
ethics. Although the use of eDNA still remains lots of elusiveness especially in its ecology 
(e.g., production and degradation rates, transportation in a river (Roussel et al., 2015)), it 
provides ecological information which cannot be obtained from conventional methods. 
eDNA metabarcoding can detect taxa as many as, or more than, traditional methods 
(Fernández et al., 2018; Macher et al., 2018). Moreover, a community trait revealed by 
eDNA is corresponding to that revealed by conventional surveys (Deiner et al., 2016; Bista 
et al., 2017). However, only a few eDNA studies focus on aquatic insect community using 
metabarcoding while other organisms such as fish and amphibians are intensively 
investigated. Furthermore, the utility of eDNA towards environmental assessment indices 
focusing on aquatic insects in stream ecosystem has not been examined. 
Here, we investigated the applicability of eDNA metabarcoding to environmental 
assessment indices based on aquatic insects. We compared the results of eDNA 
metabarcoding against conventional Surber-net sampling at different locations along two 
rivers in two seasons. We focused on detection sensitivity, richness of taxa, and relative 






5.2 Materials and Methodologies 
 
5.2.1 DNA data used for chapter 5 
Sampling was conducted in July and November 2016 at the six reaches from upland- to 
lowland-domains along the two rivers (site H1–H3 and N1–N3; see Figure 2.1, Table 2.1 
and Table 2.2). Collected water and insect sample processing were followed as section 3.2 
and 3.5 in chapter 3, respectively.  
Metabarcoding was performed following the process described in section 3.3 and 
3.4 in chapter 3. After BLAST assignment, eight orders, namely Ephemeroptera, Plecoptera, 
Trichoptera, Diptera, Coleoptera, Odonata, Megaloptera, and Hemiptera, which mostly 
include aquatic insect species, were extracted using the QIIME script 
“filter_taxonomy_from_table.py.” Subsequently, representative sequences of extracted 
OTUs were subjected to chimera check. Additionally, to avoid unequal diversity comparison 
due to the differences of sequence depth among samples, either 250 or 2,500 reads were 
picked randomly because the smallest and the second smallest numbers of sequence reads 
were 290 (N3_November) and 2,610 (H1_Nov sample), respectively. Good’s coverages 
were calculated based on OTUs to know what percent of the total taxa is represented in a 
sample using the QIIME script “alpha_diverisity.py”. 
 
5.2.2 Data analysis 
Binary classification was conducted to measure the sensitivity and positive predictive value 
in the detection. The presence/absence of taxa obtained from the Surber net sampling method 
were used as condition positive/negative, and the presence/absence of taxa obtained from 
the eDNA metabarcoding were used as test outcome positive/negative (Table 5.1). 
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Shannon’s diversity index was used to represent abundance and evenness of species in a 
community (α-diversity). The Chao-1 estimator was used to show community dissimilarities 
among samples (β-diversity) since the Chao estimator provides robust results when handling 
the samples containing rare occurrence species (Chao and Chiu, 2016; Olds et al., 2016). 
These diversity indices were calculated based on abundance at family level (R ver. 3.4.0, 
package ”vegan” (Friendly et al., 2018)). As abundance data, the number of individuals for 
the samples obtained from the Surber net sampling and the number of read counts for the 
samples obtained from eDNA metabarcoding were used, respectively.  
 The relationships between community dissimilarity and environmental stressors 
were tested using function “envfit” in R ver 3.4.0, package “vegan”. The field observed data 
of water temperature, EC, TN, TP were used as environmental stressors. The data were 
shown in Table 5.2.  
 
5.2.3 Visualization of community dissimilarities 
Non-metric multidimensional scaling (nMDS) was employed to provide the summary of 
similarities between community structures by graphically (R ver. 3.4.0, package library 
“MASS” and library “labdsv”). nMDS explores similarity relahionships in the Chao 
dissimilarity measure for community revealed by the conventional method. For community 
revealed by eDNA, a phylogenetic tree was constructed using the eDNA sequences in the 
ARB software (Ludwig, 2004). Subsequently, UniFrac distances were measured from the 
tree. Finally, principal coordinate analysis (PCoA) was conducted to identify factors 
explaining differences among samples with and without considering the number of read 







5.3.1 eDNA metabarcoding taxonomic assignment 
Overall, 1,235,176 sequences (50,728–168,413 sequences/sample) passed through the 
sequence quality filter (Table 5.2). These sequences were used to create OTUs (Operational 
Taxonomic Unit) based on 97% sequence identity. As a result, 90,948 OTUs were formed. 
Out of these, 66,175 OTUs included just one sequence (singletons), which were excluded 
from the analysis. Therefore, a total of 1,169,000 sequences (47,443–161,461 
sequences/sample), generating 24,773 OTUs, were analyzed.  
After a BLAST search (at the threshold of a minimum identity of 85% and e-value 
of 1.0E-50 against the database that we constructed), we found that only 8.1% of the total 
sequences was assigned to aquatic insect taxa (Table 5.2 and Figure 5.1). The aquatic 
insects identified from all 12 eDNA samples were 93 families, including eight 
Ephemeroptera families, four Plecoptera families, 15 Trichoptera families, three Odonata 
families, one Megaloptera family, 13 Hemiptera families, nine Coleoptera families, and 40 
Diptera families. The community structure varied for each sample. The mean number of 
assigned families was mostly the same in both seasons (mean ± S.D.:35.2 ± 6.6 taxa in July 
and 36.7 ± 13.2 taxa in November); however, the mean of the Shannon’s diversity index was 
slightly higher in July (1.48 ± 0.39 taxa in July and 0.93 ± 0.48 taxa in November). The 
common taxa found in both seasons included 11 families found at more than five locations. 
Eighteen and 21 families were only detected in July and November, respectively. Seasonal 
taxa in July included five Trichoptera and five Hemiptera families. Seasonal taxa in 




5.3.2 Morphological taxonomic identification 
Thirty-five aquatic insect families were collected by the conventional Surber net sampling 
method. Of these, 30 families were common with eDNA detections. Five families were not 
detected in any eDNA samples, but were found with net-sampling, including Isonychiidae 
(Ephemeroptera), Hydrophilidae (Coleoptera), Ptilodactylidae (Coleoptera), Psephenidae 
(Coleoptera), and Blephariceridae (Diptera).  
With respect to read counts for each taxon, the number of reads in all subsampled 
reads showed that Chironomidae had the largest number of sequence reads in each sample, 
except for July H1 (Figure 5.2). The top five families in the number of reads in July were 
Chironomidae, Simuliidae, Drosophilidae, Baetidae, and Heptageniidae, accounting for 80% 
of reads in all subsampled reads. The top five taxa differed between July and November, 
with these being Chironomidae, Simuliidae, Ephemerellidae, Baetidae, and Empididae in 
November, and also accounted for 85% of taxa. The families that were detected in many 
eDNA samples were also observed at high frequency by the Surber net sampling, regardless 
of season. These families included Baetidae and Ephemereliidae (order: Ephemeroptera); 
Stenopsychidae (Trichoptera); and Simulidae, Chironomidae, Tabanidae, and Tipulidae 
(Diptera). 
 
5.3.3 Binary classification 
We compared presence/ absence of taxa between two methods using sensitivity (S, %) and 
positive predictive value (PPV, %) (Table 5.3). For subsampled 250 reads analysis, the mean 
sensitivity of eDNA against net-sampling at six locations was higher in July than the mean 
positive predictive value (mean ± S.D.: S; 53.0 ± 9.9% > PPV; 35.2 ± 8.9%) but reversed in 
November (S; 34.7 ± 15.5% < PPV; 38.0 ± 9.2%). In contrast, for subsampled 2,500 reads 
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analyses, the mean sensitivity was higher than the mean positive predictive values both in 
July (S; 65.5 ± 11.0% > PPV; 26.6 ± 5.2%) and November (S; 51.9 ± 21.4% > PPV; 25.4 ± 
2.9%). Therefore, eDNA was mostly able to detect taxa by detected by Surber-net sampling 
but it might be attributed to a greater number of subsampling read counts, with broader 
coverage resulting in a higher rate of sensitivity (mean of Good’s coverage = 83.6 ± 4.6% 
for 250-read subsamples and 96.4 ± 1.7% for 2,500-read subsamples; Table 1). 
 
5.3.4 Visualized community dissimilarity (P/A) using nMDS  
The Shannon diversity index was 0.80–1.82 based on the eDNA analysis at the family level, 
and was 1.39–2.43 for individual counts based on the conventional method (Table 5.2). 
Because the dominant taxa from the eDNA analyzed samples had the great number of reads, 
the evenness of taxa at the community level was reduced, resulting in a lower Shannon 
diversity index from eDNA analysis. In addition, there was a significantly positive 
correlation between Shannon diversity indices obtained by eDNA metabarcoding and by the 
conventional method, supporting that samples with a greater Shannon diversity in the Surber 
net sampling approach had greater diversity in the eDNA analysis (Spearman’s rank 
correlation coefficient ρ = 0.66, p = 0.02, see Figure 5.3). 
Community dissimilarities among all samples using the Chao index as β-diversity 
were plotted on nMDS coordinate axes (Figure 5.4). Visually, the eDNA data showed that 
plots were separately distributed according to seasonal differences. The occurrence of 
specific families in July and November possibly made clusters be separated. In addition, the 
uppermost site of the Hirose River (H1) was clearly isolated from other sites. This is 
acceptable because the catchment area of site H1 has been covered only by forested area and 
absence of human impacts. Moreover, the habitat type of H1 was classified as plane-bed 
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reach but the others were as pool-riffle reaches. Therefore, the species appearance is largely 
different from other sites. UniFrac analysis was carried out based on patterns from the 250 
reads (Figure 5.4) and 2,500 reads (Figure 5.5) but there was no difference in trends 
between the 250- and 2,500-reads. Using both weighted and unweighted approaches, clusters 
were divided by season and same as the results obtained from the Chao estimator of 
dissimilarity. In summary, the community dissimilarity relationships were not modified 
markedly if we used assigned taxa data (Chao index), presence/absence (unweighted 
UniFrac) data or relative read counts (weighted UniFrac) data. Both of the communities 
derived from eDNA and Surber net were correlated with water temperature (Table 5.5, 





5.4.1 Aquatic insect taxa detected by eDNA analysis  
We detected taxa that are mostly distributed in riparian/terrestrial habitats (e.g., Hemiptera, 
Diptera (e.g., Culicidae) and Coleoptera (e.g., Staphylinidae)), as well as lentic habitats (e.g., 
Aeshnidae and Epiophlebiidae in Odonata). Thus, our eDNA outputs provided larger taxa 
richness with three-fold more taxa and higher sensitivity of taxa detection than the 
conventional survey, as similar with the earlier report of eDNA from river systems (Macher 
et al., 2018). eDNA metabarcoding detect more taxa than sampling through conventional 
benthos capturing surveys (Macher et al., 2018) in contrast with pond systems where 
transportation is very small (Hajibabaei et al., 2019). This is because DNA is transported to 
downstream, with eDNA metabarcoding can result in the additional detection of upstream 
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community, which is not sampled by conventional methods. In addition to the detection of 
aquatic insect in main streams, eDNA also can detect taxa that usually difficult to capture 
through Surber-net sampling in lotic locations (Deiner et al., 2016). In summary, eDNA 
sampled from river ecosystem have different traits from the conventional Surber-net 
sampling.  
To understand what community eDNA describes in rivers, we tried to figure out 
how much spatial range eDNA covers with referring earlier reports about ecology of eDNA. 
eDNA is decomposed and transported after release from organisms, with eDNA 
concentrations decreasing by 73% within 900 m of flowing downstream of a source 
(Nukazawa et al., 2018). Even 50–250 m downstream of the source, eDNA is not detected 
when target organisms’ abundance or biomass is small (Jane et al., 2015; Pilliod et al., 2014). 
Thus, DNA sampled in rivers probably includes some DNA of large abundant organisms 
inhabiting up to around 1 km upstream. Adopting to our study, our samples may include 
negligible contamination of eDNA between samples, due to 3-5 km sampling site intervals. 
Therefore, in the present sampling strategy, eDNA could distinguish the differences of 
sampling sites (Figure 5.6). 
 
5.4.2 Difficulties in eDNA metabarcoding for aquatic insect 
The sensitivities of eDNA detection against the Surber-net sampling were mostly larger than 
positive prediction value, but the sensitivities themselves were not large (17.6-71.4%, Table 
5.3). It was possibly due to various difficulties in eDNA metabarcoding data analysis. One 
of the difficulties is insufficient reference libraries for the local aquatic insects’ community. 
Even for two samples that were registered as belonging to the same species in the NCBI 
database, the sequence identity was markedly reduced when they were collected from 
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geographically distant regions. For example, the identity of the CO1 gene of Drusus discolor 
(Trichoptera: Limnephilidae) collected from Montenegro and Germany is only 51.7% (see 
chapter 4). Second issue is the threshold for taxonomic identification. Considering the 
discrepancy between the reference library and the query sequence, we investigated 
interspecific, intergeneric, and interfamilial genetic identity. As a result, 85% identity 
threshold was employed for taxonomic assignment in this study. However, some species 
might not even reach this threshold and went undetected. Therefore, the accumulation of 
genetic information of local aquatic insects and the construction of a database is necessary 
to improve the assignment ratio of sequence data obtained from eDNA metabarcording. 
Third, a primer mismatches at the 3’ end, resulting in failed PCR primer binding. We found 
that the five families (i.e. Isonychiidae, Hydrophilidae, Ptilodactylidae, Psephenidae and 
Blephariceridae) not detected by our eDNA metabarcoding, had mismatches to the primers 
used in this study. Therefore, to analyze these five families, the primer should be modified 
or a new primer developed. Some refined primer sets for the metabarcoding of aquatic 
invertebrates have been developed (Elbrecht and Leese, 2017; Hajibabaei et al., 2012). The 
new primers success to reduce amplification bias between taxa compared to the primers used 
in the current study (Elbrecht and Leese, 2017) and led more aquatic insect taxa detection; 
thus, these primers could be used to improve the ability to measure taxa richness (alpha 
diversity). By these above reasons, the current study could not detect some specific taxa. 
Missing the detection of some specific taxonomic groups possibly affected the assessment 
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E C  (m S /s) TN  (m g/L) TP  (m g/L)
H 1 16.0 5.3 0.196 0.006
H 2 18.3 12.2 0.209 0.006
H 3 20.8 18.3 0.362 0.005
N 1 19.2 8.2 0.233 0.006
N 2 21.2 47.0 0.298 0.025
N 3 22.2 13.9 0.365 0.014
H 1 6.9 6.5 0.021 0.006
H 2 8.5 18.8 0.122 0.005
H 3 9.4 24.0 0.419 0.006
N 1 10.2 10.0 0.186 0.007
N 2 9.1 79.1 0.274 0.011
N 3 10.7 17.8 0.500 0.014
July
N ovem ber
 Net Positive  
(Condition 
Positive)) 
Net Negative  
(Condition Negative) 
 
eDNA Positive  
(Test Outcome Positive) 
True Positive (TP) False Positive (FP)  
Positive Predictive Value 
=TP/(TP+FP) 
eDNA Negative  
(Test Outcome Negative) 
False Negative (FN) True Negative (TN) 









Table. 5.3 Results of metabarcoding and Surber net sampling used in chapter 5 
 
Sampled month July November 
sampling site H1 H2 H3 N1 N2 N3 H1 H2 H3 N1 N2 N3 
Surber net sampling                       
sample size 
(individuals) 
16 170 311 317 230 143 100 929 529 275 457 379 
Identified 
family 
8 16 13 17 18 14 17 19 16 17 14 18 
Shannon's 
diversity 
1.93 2.37 1.91 2.05 2.37 2.29 2.43 1.93 1.89 2.20 1.77 1.37 
Metabercoding Reads                       
Raw 58,130 124,870 148,614 60,913 54,330 62,916 168,136 171,748 149,205 159,015 51,939 54,613 
Filtered 56,697 122,384 145,593 59,396 52,681 61,479 163,677 168,413 145,639 155,025 50,728 53,464 
Singletons 
removed 
53,803 116,649 136,700 56,121 50,001 58,273 153,815 161,461 137,835 146,232 47,443 50,667 
Assigned as 
aquatic insect. 
4,616 11,936 6,232 5,672 8,929 4,423 5,344 31,740 5,742 38,169 7,715 399 
Chimera 
Removed  
3,231 7,654 4,847 3,643 6,905 2,914 2,619 28,952 4,518 31,275 4,988 290 
A. Insect /Total 6.0% 6.6% 3.5% 6.5% 13.8% 5.0% 1.7% 17.9% 3.3% 21.4% 10.5% 0.6% 
Metabercoding taxonomy assigned as aquatic insect                 
Clustered 
OTUs 
106 307 381 283 286 181 177 762 349 811 360 63 
good's coverage 
(250) 
88.8% 87.6% 76.0% 76.4% 86.0% 86.8% 83.6% 84.8% 77.6% 82.0% 86.4% 87.2% 
good's coverage 
(2500) 
99.1% 96.3% 95.5% 97.6% 96.7% 97.7% 93.9% 94.6% 98.6% 94.9% 95.2% - 
Families 31 32 44 39 39 26 42 51 33 45 36 13 
Shannon's 
diversity 






Table. 5.4 Results of binary classification 
 
    250 reads   2,500 reads 
season  July   November  July   November 
sites  S (%) 
PPV 
(%) 
  S (%) 
PPV 
(%) 
 S (%) 
PPV 
(%) 
  S (%) 
PPV 
(%) 
H1   71.4 20.8   57.1 36.4   85.7 19.4   78.6 26.8 
H2  50.0 42.1  22.2 36.4  56.3 31.0  27.8 21.7 
H3   53.8 38.9   40.0 40.0   69.2 23.1   46.7 23.3 
N1  46.7 29.2  25.0 33.3  60.0 23.7  37.5 26.1 
N2   52.9 45.0   46.2 54.5   64.7 31.4   69.2 29.0 
N3  42.9 35.3   17.6 27.3  57.1 30.8   ND ND 
mean   53.0 35.2   34.7 38.0   65.5 26.6   51.9 25.4 
SD   9.9 8.9   15.5 9.2   11.0 5.2   21.4 2.9 
             
 
 





env.factors R 2 p-value R 2 p-value
w ater tem perature 0.8114 0.001 *** 0.5669 0.021 *
E C 0.1235 0.566 0.0528 0.71
TN 0.5112 0.046 * 0.2365 0.296
TP 0.0582 0.785 0.0677 0.665
stress value 0.13 0.10






Fig. 5.1 Component of eDNA sample at Phylum level. The sample IDs are represented 





Fig. 5.2 Structure of aquatic insect community by eDNA subsampled 250 reads in 
metabarcoding. Represent top 20 taxa in read abundance through (a) sample series in July, 
(b) sample series in November. Graph legends were shown with “family name (taxonomic 
order, relative abundance through 6 samples (%)).” Taxonomic order used the following 
abbreviations: Ephemeroptera (E), Plecoptera (P), Trichoptera (T), Diptera (D), Coleoptera 













Fig. 5.4 Community dissimilarity plots for 250 reads subsampled data. a) Chao dissimilarity 
for Surber net sampled community, b) Chao dissimilarity for eDNA community, c) 
unweighted Unifrac analysis with 250 reads, d) weighted Unifrac analysis with 250 reads. 
Closed circles represent Hirose River samples (H1-H3) and open rhombuses represent Natori 
River samples (N1-N3). Orange characters show July and blue characters show November 



































Fig. 5.5 Community dissimilarity plots for 2,500 reads subsampled data. a) Unweighted 
Unifrac analysis with 2,500 reads, b) Weighted Unifrac analysis with 2,500 reads. 
 
 
a)                                          b) 
 
Fig. 5.6 The biplot dissimilarity plots of communites and environmental stressors. 
Community derived from a) eDNA based on OTUs richness (Sorensen’s dissimilarity) and 
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Can relative abundance data obtained by eDNA metabarcoding be useful to 





Community is an essential unit to know ecological status because the ecological system 
consists of interactions by several communities that have different functional traits, e.g. 
decomposer, producer and consumer (Vellend 2000). The change of community members 
and these proportions lead to a change of whole ecosystem (Levin, 1998; Vannote et al., 
1980). In freshwater ecosystem, benthic invertebrates construct a core community as primary 
consumers and food sources for higher consumers (Nakano et al., 1999). Therefore, 
continuous long-term monitorings for the benthic invertebrate community are required for 
the surveillance of freshwater ecosystem status (Miyake et al., 2003). eDNA is expected as 
a brand-new sustainable monitoring tool owing to its simple and objective sampling process 
(Bálint et al., 2018). However, only a few studies were examined its utility for community 
structure monitoring, especially in benthic invertebrate in river systems (Roussel et al., 2015). 
In Chapter 6, the time-series surveys were conducted to test eDNA enables to be used for 






6.2 Materials and methodologies 
 
6.2.1 DNA data used for chapter 6. 
The sampling was conducted approximately once per a month from May to December 2016 
at two sites, one from each of two rivers, which are located middle domain of Hirose River 
and Natori River (site H3 for Hirose River and N1 for Natori River; see Figure 2.1, Table 
2.1 and Table 2.2). In September, there was no data due to the high flow rate induced  by 
three typhoons struck this region on 17th, 30th August and 13th September 2016 (daily mean 
discharge during 17th August to 30th September: 62.52 ± 70.05 m3 sec-1, maximum discharge 
in the term: 674.62 m3 sec-1, see Figure 6.1). The collected water and insect sample 
processing were followed as sections 3.2 and 3.5 in chapter 3, respectively.  
The library preparing for metabarcoding was performed as same as in section 3.3. 
First screening until trimming short base-pair length sequences was conducted as same as in 
section 3.4. Later, the subsampling that picked 50,000 reads up randomly from each sample 
were conducted against screened sequences using USEARCH script “fastx_subsampling” 
(Edgar, 2016). After subsampling, a total of 650,000 reads from 13 samples was clustered 
into operational taxonomic units (OTUs) with an identity threshold of 97% using QIIME 
(Caporaso et al., 2010). The singletons were not eliminated to unify the read numbers among 
samples. BLAST assignment was performed against the representative sequences of each 
OTU as same as section 3.4. Subsequently, the chimeric sequences were removed and eight 
aquatic insect orders, namely Ephemeroptera, Plecoptera, Trichoptera, Diptera, Coleoptera, 
Odonata, Megaloptera, and Hemiptera, which mostly include aquatic insect species, were 




6.2.2 Data analysis methods 
The number of families found in each sample was called as ‘taxonomic richness’ in this 
chapter. For Surber net sampling data, the Sorensen index (binary Bray-Curtis index) and 
the Bray-Curtis index were used to show community dissimilarities among species based on 
presence/absence (P/A) of taxa and relative individual abundance, respectively. For eDNA 
data, the dissimilarity distance was calculated by unifrac distance. The unifrac distance was 
obtained from distance on phylogenetic tree. The tree was created using Arb software 
(Ludwig, 2004) after the alignment of all sequences obtained by eDNA samples using 
ClustalW(Thompson et al., 1994). Unweighted unifrac distance that only concern P/A of the 
taxa and weighted unifrac distance that concern the number of reads were used to obtain 
community dissimilarities based on P/A and relative read abundance (of 50,000 reads for 
each sample), respectively. Non-parametric multidimensional scaling (nMDS) was 
performed to visualize the dissimilarity relationship among samples using R (package 





6.3.1 Time series change of taxa richness 
By eDNA metabarcoding, 58,200 OTUs were generated from a total of 650,000 reads 
obtained by subsampling 50,000 reads from each of 13 samples (see Table 1 for details). 
After the BLAST, 6.4% of total OTUs and 7.1% of total reads were assigned as eight aquatic 
insect orders. The richest order was Diptera (59 families in total, mean ± SD was 24.5 ± 9.5 
families (n = 13)), followed by Trichoptera (15 families in total, 6.2 ± 2.4 families in average), 
Ephemeroptera (10 families in total, 4.1 ± 1.7 families in average) (see Supplementary 
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Table 2 for more detail). Only five families of 15 taxa from Coleoptera in total were known 
as aquatic insects. 13 taxa from Hemiptera were found but none were known as aquatic 
insects. Other three orders, i.e., Plecoptera, Odonata and Megaloptera were found with small 
diversity (five, two, one family, respectively). Time series variation of taxa richness showed 
a minimum in October in Hirose River and in August in Natori River, and then increased in 
both rivers in November (Fig. 6.2a). The average taxonomic richness during the sampling 
period was slightly higher in Natori River than in Hirose River, 36.1 ± 13.5 families and 47.9 
± 15.1 families, respectively. 
By Surber net sampling, 13.4 ± 2.6 families and 14.6 ± 2.7 families were found on 
average through the sampling period in Hirose River and Natori River, respectively (Fig. 
6.2b). Time series variation of taxa richness decreased in August and October, and after that, 
it increased in November and December in both rivers. Ephemeroptera was the richest order 
(35.5 ± 4.7% in Hirose, 32.8 ± 8.2% in Natori) followed by Diptera (19.3 ± 6.5%; 26.5 ± 
6.5%), Trichoptera (17.1 ± 4.4%; 12.7 ± 2.7%), and Coleoptera (15.2 ± 2.7%; 14.3 ± 3.8%). 
Plecoptera taxa were found more in October and November.  
Comparing two sampling methods, five families, i.e., Isonychiidae, Chloroperlidae, 
Blephariceridae, Psephenidae and Ptilodactylidae were found in Surber net sampling but 
never in eDNA metabarcoding (see Table 6.2). The total richness at family level in eDNA 
and Surber net methods at each month were not corresponding to each other (Spearman’s 
rank correlation rho = 0.16, p-value = 0.61, see Fig. 6.3). However, the amount of monthly 
change of the richness and the change rate of the family richness in the two methods were 
correlated at 5% significance level (Spearmans rank correlation; rho = 0.67, p-value = 0.024, 




6.3.2 Relative abundance of the communities based on total reads and individuals 
The relative abundance data for Surber net sampling results were derived from the number 
of individuals that had been collected from each of 0.18 m2 of quadrat area by Surber net 
sampling. That for eDNA results were based on the number of reads which had been obtained 
from subsampling 50,000 reads from each of the samples by eDNA metabarcoding. Five of 
the top 10 aquatic insect families i.e. Chironomidae, Simuliidae, Baetidae, Ephemerellidae, 
and Heptageniidae were common in the two methods. Extra four families i.e. 
Hydropsychidae, Stenopsychidae, Tipulidae and Goeridae were also added as common in 
the top 15 families (see Table 6.2). These eight taxa except Simuliidae were commonly 
found from Surber net sampling through the sampling term. Therefore, such abundant and 
common organisms can also be detected by eDNA metabarcoding stably. 
The time series variation of total individuals collected by Surber net sampling was 
similar between two sites (Fig. 6.6a). Namely, the number of individuals fluctuated from 
May to August, then reached a minimum in October, and increased to the same number or 
more in December as in other months (Fig. 6.6b, 6.7b, 6.8b, and 6.9b). The community 
structures based on the proportion of individuals varied from month to month. In particular, 
communities were likely occupied by Chironomidae in October, by Ephemerellidae in 
November and by Ephemerellidae in December in both rivers. 
Time series variation of total reads assigned as aquatic insects by eDNA 
metabarcoding was similar to that of total individuals by Surber net sampling (Fig. 6.6b). 
Specifically, in Hirose river, the number of reads fluctuated in order of 1.0 x103, then reached 
a minimum in October (126 reads), and increased to in order of 1.0 x103 again in November. 
Natori river showed the almost same variation, but reached a minimum in August (233 reads) 
and increased in the order of 1.0 x103 in November. Diptera and Ephemeroptera were mostly 
dominant order in the communities derived from eDNA metabarcoding, 71.0 ± 18.0% and 
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21.7 ± 13.4% on average through the sampling term, respectively. 
 
6.3.3 Time series variation of relative abundance of Ephemeroptera group 
The fluctuations in the number of reads of Ephemeroptera were similar between the two 
rivers (Fig. 6.7a). Specifically, they were in the order of 1.0 x101~x102 in August or October 
and increased in the order of 1.0 x102~x103 in November and December. Baetidae was the 
most abundant family in read numbers (average ± SD (%), Hirose; 72.0 ± 28.1%, Natori; 
43.4 ± 26.0%), followed Ephemerellidae (Hirose; 25.5 ± 26.4%, Natori; 40.1 ± 28.7%), 
Heptageniidae (Hirose; 1.5 ± 2.5%, Natori; 13.7 ± 10.0%). In terms of temporal change, the 
proportion of Ephemerellidae was increased from October to December. This transition was 
observed both in two rivers by eDNA and Surber net sampling. 
 
6.3.4 Time series variation of relative abundance of Trichoptera group 
The number of reads of Trichoptera fluctuated 1.0 x101 ~ x102 from May to July and reached 
minimum values (< 1.0x101) in October in both rivers. Subsequently, the number of reads 
increased >1.0 x101 again in November and December (Fig. 6.8a). The community 
structures were different in the two rivers. The most abundant taxa were Hydrobiosidae in 
Hirose River (average ± SD (%), 36.3 ± 39.7%) and Glossosomatidae in Natori River (28.0 
± 20.8%). By temporal change, in Hirose River, the community was mostly occupied by 
Hydropsychidae and Hydrobiosidae until October, but by Stenopsychidae from November. 
The most prevalent taxa in Natori River was Hydrobiosidae before July, but 
Glossosomatidae from July to December. From Surber net sampling, Hydropsychidae was 
the most dominant family in both rivers. In addition, the proportion of Stenopsychidae was 
larger in Hirose River than Natori River. Instead, the proportions of Lepidostomatidae and 
Rhyacophilidae were larger in Natori River. 
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6.3.5 Time series variation of relative abundance of Diptera group 
The number of Diptera reads were maintained relatively higher than other orders (Fig. 6.9a). 
The plenty of reads of Chironomidae was found (average ± SD (%), Hirose; 52.1 ± 17.3%, 
Natori; 56.9 ± 20.2%), followed Simuliidae (Hirose; 15.9 ± 7.6%, Natori; 22.7 ± 14.6%), 
Culicidae (Hirose; 4.2 ± 4.3%) and Tabanidae (Natori; 2.8 ± 4.5%). Drosophilidae was also 
detected in abundant although they are known to mostly inhabit during their life history in 
the terrestrial areas rather than under the water. The proportion of these terrestrial Diptera 
was 23.1 ± 41.2% in Hirose River and 14.3 ± 16.0% in total.  
 
6.3.6 Community dissimilarity 
Community dissimilarities by Surber net sampling were visualized using nMDS based on 
presence/absence (P/A) using binary Bray-Curtis index (Fig. 6.10a). In the case of 
community dissimilarities based on abundance data using Bray-Curtis index (Fig. 6.10b), 
the communities from different sites but the same month (August, October, and November) 
showed similar structures to each other. By eDNA metabarcoding, based on P/A data using 
pyrogenetic neighborhood distance, the communities were clustered depending on sampling 
place except for the sample from Hirose river in May (Fig. 6.10c). In addition, the seasonal 
differences, i.e. before and after August, were likely shown along the nMDS2 axis. In the 
case of considering abundance data derived from the number of reads, these trends were 
shown clearer than P/A analysis (Fig. 6.10d). Specifically, the communities from two sites 








Long-term observation is necessary to understand temporal changes in the macro-organism 
community structure in river ecosystems (Miyake et al., 2003). After a flood, however, the 
change is observed within weeks and months (Mackay, 1992; Miyake et al., 2003; 
Kawanabe et al., 2013; Tsuda and Gose, 1964). A notable example of temporal community 
succession was explained by Tsuda and Gose (1964) using the “life-type classification” of 
invertebrates. For example, communities in the first stages of recovery are dominated by 
“swimmer-type” invertebrates that can move quickly through their habitats by swimming 
(e.g. Baetidae). After then, corresponding to the increase of river bed stability, the proportion 
of “crawler” and “case-bearing” type of invertebrates that can move by themselves by 
walking (crawling) (e.g. Ephemerellidae, Plecoptera taxa) gradually increase in the 
community. Finally, under a stable river environment, the “net-spinner” larvae that are 
attached to river bed materials (e.g. Stenopsychidae, Hydropsychidae) become dominant and 
the community is matured. In our study, the sampling term included a significant flood event 
caused by three large typhoons (Fig.6.1) and it possibly made habitat disturbances and 
changes of benthic invertebrate community. Therefore, the community succession after the 
flood disturbance was focused on to discuss whether eDNA observed the community 
transition or not. 
 
6.4.1 Recovery of taxa richness after the flood disturbance 
Flood events make abundance and taxonomic richness declined temporarily by directly 
washing organisms away (Kawanabe et al., 2013). After then, population abundance and 
taxonomic richness begin to increase drastically over time within a few weeks to a month 
(Mackay, 1992). In fact, from our samples by Surber net sampling, the individuals and the 
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richness decreased in October than in August and then increased towards December. This is 
consistent with the previous research theory. In terms of eDNA, the number of reads and 
taxonomic richness derived from metabarcoding decreased in August in Natori River and 
October in Hirose River and then increased in November in both rivers. The change amount 
and rate of the richness were correlated between two methods (Fig. 6.4 and 6.5) even though 
the taxonomic richness were not (Fig. 6.3). These results supported that eDNA can capture 
the time series trends of alpha diversity in the community in a similar manner with the 
conventional Surber net sampling method. 
 
6.4.2 Temporal succession of community-based on relative abundance 
Community structure changes before and after flood events (Townsend & Hildrew 1976). 
To focus on the community succession after a disturbance, the classification by “tolerance 
type for disturbance” of larvae provided by Furusato and Tanaka (2014) were used. They set 
this classification referring to the succession pattern explained by Tsuda and Gose (1964) 
with coarser taxonomic identification level, i.e. not in the genus or species level but at family 
level. The highest tolerant category against flood disturbance is “swimmers”, followed 
“crawlers”, “Heptageniidae” and “net-spinners”, according to the classification by Frusato 
and Tanaka. The details of the classification were shown in Table 3. As a result of 
classification according to the tolerance type for disturbance, based on individuals collected 
by Surber net sampling, the proportion of swimmers increased in October compared to 
August. From November, the proportion of crawlers increased in both rivers (Fig. 6.11a). 
These successions were consistent with the pattern observed by Tsuda and Gose (1964). The 
“Net-spinners” category (e.g. Hydropsychidae) had the largest proportion of communities in 
Hirose River throughout the period, even in October, when it might be heavily affected by 
the disturbance. Conversely, in Natori River, the proportion of “net-spinners” was the largest 
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only in August, but it was less than the other categories in the other months. These 
differences may be due to site-specific traits of the aquatic insect communities in each river 
network. 
By eDNA metabarcoding, the proportions of swimmers were the largest in October, 
and from November, that of crawlers became larger in a similar fashion to the results of 
Surber net sampling (Fig.6.11b). The net-spinners detected by eDNA did not occupy the 
large ratio as same as by Surber net sampling, but they increased from October to December 
only in Hirose River. This is because the total number of reads assigned as Trichoptera taxon 
was small. These results support that eDNA could capture the increasing trend of net-
spinners even though the order of proportion size was distorted. 
Because of the primer bias, the read counts derived from PCR-based metabarcoding 
are not regarded to reflect the actual abundance or relative abundance of community eDNA 
even though metabarcoding is deemed to be robust to evaluate the presence/absence of 
organisms (Elbrecht and Leese, 2017; Hering et al., 2018; Leese et al., 2018). Although our 
results also included the primer bias, the results showed that relative abundance derived from 
the number of reads is useful to trace the community status such as after disturbance and 
compere the community structures. A further observation should be conducted to concrete 
this finding because we could attempt this only for the community succession after 
disturbance. Especially, the fully annual observation including the hutching term (e.g. early 
spring) is necessary since the community structure is frequently changed in that term, and 
hopefully, the time resolution to monitor the change of community structure by eDNA can 
be determined. 
 In the present study, eDNA can detect abundant reads of Diptera and Ephemeroptera 
taxon that was found with high population density by Surber net sampling. Similarly, low 
population density taxa, i.e. Coleoptera, Plecoptera, Odonata, and Hemiptera were difficult 
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to detect by eDNA. However, Trichoptera did not follow this manner, namely, Trichoptera 
was not detected abundantly by eDNA even high population density was found by the Surber 
net. This can be caused by inadequate DNA database, unsatisfactory primer specificity for 
aquatic insects, and differences of eDNA product and decay rate between taxa. Taken 
together, the proportion of taxa in the community could not be reproduced from the number 
of reads directly as same as previous studies (Elbrecht and Leese, 2015; Saitoh et al., 2016). 
However, the time series transition of the community structure was consistent with the 
empirically known pattern. Namely, it showed that an increase of ‘swimmer’ type larvae 
immediately after flood disturbance, an increase in ‘crawler’ type in the middle of a recover, 
and an increase in ‘net-spinners’ after sufficient time had passed since the disturbance. These 
results indicate that community structure based on read numbers derived from eDNA 
metabarcoding can trace the status of the community. Similar results have been observed by 
studies using tissue samples (Saitoh et al., 2016; Serrana et al., 2018) but it is the first study 
to show using eDNA. It is fruitful if eDNA can monitor the community structure due to the 






Figures and tables 
 



















May 139,037 4,163 286 40 95.3% 194 198 13
56 10
Jul 145,593 2,175 442 52 87.6% 270 311 13
Aug 130,297 3,605 421 42 93.0% 254 163 14
Oct 171,877 126 48 14 76.2% 30 139 11
Nov 145,639 1,978 364 42 88.8% 221 529 17
Dec 169,471 419 123 27 80.7% 81 412 20
May 195,364 3,334 463 57 91.4% 288 205 12
Jun 168,605 9,156 768 62 94.3% 524 121 13
Jul 59,396 4,839 510 56 94.2% 282 317 17
Aug 66,928 233 63 26 86.3% 32 215 14
Oct 126,256 556 187 27 78.4% 120 96 11
Nov 155,025 12,505 1,057 58 94.4% 700 275 17





Table 6.2 Taxa detected by eDNA metabarcoding and Surber net sampling. The gray colored family names show taxa never detected by 
eDNA. The darker gradation color on read and individual number show more abundant number. 
 
Order Family Japanese May Jul Aug Oct Nov Dec May Jun Jul Aug Oct Nov Dec May Jun Jul Aug Oct Nov Dec May Jun Jul Aug Oct Nov Dec
Ephemeroptera
Ameletidae ヒメフタオカゲロウ科 0 0 0 0 1 0 19 0 0 0 0 23 49 0 0 0 0 0 0 5 0 0 0 0 0 0 9
Baetidae コカゲロウ科 51 407 1885 17 166 25 115 312 894 46 84 510 40 12 0 26 7 10 37 0 3 1 26 7 13 15 0
Caenidae ヒメシロカゲロウ科 0 0 0 0 0 0 12 17 0 0 0 0 0
Ephemerellidae マダラカゲロウ科 5 64 64 2 176 63 154 320 196 13 15 1314 821 21 7 17 11 2 248 131 83 80 70 25 2 80 120
Ephemeridae モンカゲロウ科 0 0 0 0 0 0 2 2 0 0 0 0 1 0 0 0 0 2 3 2 0 0 0 2 0 2 2
Heptageniidae ヒラタカゲロウ科 0 5 26 0 1 6 49 304 209 11 16 37 22 6 1 8 11 6 3 10 11 11 42 13 8 8 65
Isonychiidae チラカゲロウ科 0 1 0 0 0 4 0 0 0 0 9 0 0 0
Leptophlebiidae トビイロカゲロウ科 0 0 0 0 0 0 2 0 0 0 0 0 7 6 0 13 16 0 0 0 2 2 86 3 0 0 0
Polymitarcyidae オオシロカゲロウ科 0 2 0 0 0 0 0 0 0 0 0 0 0
Potamanthidae カワカゲロウ科 0 14 17 0 5 0 0 0 0 0 0 0 0 0 2 40 0 0 2 4 0 0 0 0 0 0 0
Siphlonuridae フタオカゲロウ科 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Plecoptera
Gripopterygidae ツリカワゲラ科 0 0 0 0 3 0 0 0 0 0 0 2 33 0 0 0 2 0 2 4 0 0 1 0 0 24 21
Leuctridae ホソカワゲラ科 0 0 0 0 0 0 0 0 0 0 0 0 1
Nemouridae オナシカワゲラ科 0 0 0 0 0 0 0 0 0 0 0 0 3
Perlidae カワゲラ科 0 0 0 0 2 0 0 0 0 0 0 0 1 1 0 0 6 5 0 3 0 1 2 0 1 4 5
Perlodidae アミメカワゲラ科 0 0 0 0 0 0 0 0 0 0 0 11 1 0 0 0 0 0 2 1 0 0 0 0 0 1 7
Trichoptera
Apataniidae コエグリトビケラ科 0 0 0 0 0 0 0 0 0 0 2 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0
Brachycentridae カクスイトビケラ科 0 0 0 0 0 1 0 0 0 0 0 0 0
Glossosomatidae ヤマトビケラ科 0 25 34 0 5 4 5 0 231 20 2 8 20 0 0 0 0 0 0 0 0 0 0 1 0 0 0
Goeridae ニンギョウトビケラ科 11 1 0 0 0 1 5 0 27 13 0 0 4 0 0 0 2 0 0 0 0 0 0 0 0 0 0
Hydrobiosidae カワリナガレトビケラ科 0 38 129 2 5 0 64 37 68 2 0 5 0
Hydropsychidae シマトビケラ科 11 15 28 0 6 2 35 17 26 2 0 2 1 16 8 14 35 17 39 96 13 2 20 105 0 8 10
Hydroptilidae ヒメトビケラ科 0 0 15 0 0 0 0 2 0 0 0 0 0
Lepidostomatidae カクツツトビケラ科 12 0 1 0 0 0 7 49 30 16 0 7 11 0 0 0 20 0 0 0 0 1 6 0 1 0 1
Leptoceridae ヒゲナガトビケラ科 0 2 4 0 1 0 2 50 1 1 0 0 0
Limnocentropodidae キタガミトビケラ科 0 0 0 0 0 0 1 0 0 0 0 0 0
Philopotamidae カワトビケラ科 0 0 0 0 1 0 0 44 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
Psychomyiidae クダトビケラ科 0 0 1 0 0 0 0 15 32 0 0 0 0
Rhyacophilidae ナガレトビケラ科 0 0 0 0 1 2 0 12 0 0 2 0 1 0 0 1 0 0 16 20 1 0 0 1 0 8 7
Stenopsychidae ヒゲナガカワトビケラ科 11 4 3 0 20 9 1 4 36 1 0 5 0 6 14 6 3 23 54 56 0 2 2 26 2 1 1
Uenoidae クロツツトビケラ科 0 0 0 0 0 0 0 0 0 0 0 13 1
Diptera
Agromyzidae ハモグリバエ科 13 15 16 0 4 4 6 18 23 0 3 13 5
Anthomyiidae ハナバエ科 37 11 0 0 6 1 80 55 23 0 2 42 14
Asilidae ムシヒキアブ科 1 0 0 0 0 0 0 2 1 0 0 0 0
Athericidae ナガレアブ科 0 1 0 0 0 0 2 0 4 0 0 0 0 0 0 0 0 1 0 1 3 2 2 0 0 0 2
Blephariceridae アミカ科 0 0 0 0 0 0 1 0 0 0 0 0 11 4
Bolitophilidae ホソキノコバエ科 0 0 0 0 0 0 0 0 0 0 0 1 0
Bombyliidae ツリアブ科 0 1 0 0 0 0 0 0 0 0 0 2 0
Calliphoridae クロバエ科 5 10 19 0 7 0 1 4 10 0 0 2 0
Campichoetidae 和名不詳 0 0 0 0 0 0 0 1 0 0 0 0 0
Surbernet sampling
Hirose Natori








Cecidomyiidae タマバエ科 0 0 1 1 0 0 0 0 5 0 0 0 0
Ceratopogonidae ヌカカ科 7 4 0 0 0 1 1 14 8 0 0 1 3
Chamaemyiidae アブラコバエ科 1 0 0 0 0 0 0 0 0 0 0 0 1
Chaoboridae ケヨソイカ科 1 0 0 0 0 0 0 0 0 0 0 0 0
Chironomidae ユスリカ科 993 1013 805 41 1022 158 1352 6489 1313 31 157 8524 1186 119 13 132 0 63 40 44 38 1 5 10 59 35 12
Chloropidae キモグリバエ科 0 1 1 0 0 0 0 2 2 0 0 1 0
Conopidae メバエ科 2 0 0 0 1 0 0 0 0 0 0 0 0
Culicidae カ科 20 55 102 1 26 33 15 48 27 1 2 47 17
Curtonotidae セダカショウジョウバエ科 0 0 0 0 0 0 0 0 0 0 0 1 0
Dixidae ホソカ科 0 0 0 0 0 0 0 46 0 0 0 0 0
Dolichopodidae アシナガバエ科 48 83 6 7 7 0 17 25 14 1 4 29 5
Drosophilidae ショウジョウバエ科 2704 72 77 0 8 12 477 321 598 24 18 42 32
Empididae オドリバエ科 2 3 2 0 8 1 20 22 1 0 3 7 3
Ephydridae ミギワバエ科 0 3 0 0 1 0 3 3 1 0 0 7 0
Heleomyzidae トゲハネバエ科 0 0 0 0 0 0 1 0 0 0 0 0 0
Hippoboscidae シラミバエ科 0 2 0 0 2 0 0 0 1 2 0 0 4
Hybotidae セダカバエ科 1 4 0 0 0 0 2 31 0 0 3 1 0
Keroplatidae ツノキノコバエ科 0 0 0 0 0 0 2 0 0 0 1 0 0
Lauxaniidae シマバエ科 0 0 4 0 0 0 0 0 0 0 0 0 0
Limoniidae ヒメガガンボ科 6 0 1 0 1 0 3 11 2 0 5 7 0 0 0 0 0 0 0 0 31 0 0 0 0 0 0
Lonchaeidae クロツヤバエ科 2 0 1 0 0 0 0 0 0 0 0 0 1
Micropezidae マルズヤセバエ科 0 0 0 0 0 0 0 6 0 0 0 0 1
Milichiidae シロガネコバエ科 0 0 1 0 1 0 1 14 12 0 0 1 4
Muscidae イエバエ科 8 1 1 1 0 1 1 22 1 1 0 5 2
Mycetophilidae キノコバエ科 4 2 2 5 1 1 2 15 1 0 4 14 0
NA* N/A* 9 5 5 0 3 0 10 47 7 0 0 3 0
Nycteribiidae クモバエ科 0 1 1 0 0 0 0 0 1 1 0 1 0
Opomyzidae ヒメコバエ科 0 0 0 0 0 0 0 1 0 0 0 1 0
Pallopteridae ニセミバエ科 0 0 0 0 0 0 0 0 0 0 0 1 0
Pediciidae オビヒメガガンボ科 0 0 0 0 0 0 2 0 0 0 0 0 0
Phoridae ノミバエ科 1 0 1 0 1 0 1 4 6 0 0 5 0
Pipunculidae アタマバエ科 0 0 0 0 0 0 0 1 0 0 0 0 0
Psilidae シュモクバエ科 41 0 0 0 8 0 6 13 6 0 0 4 0
Psychodidae チョウバエ科 1 0 1 0 0 0 0 3 7 0 0 1 0
Rhiniidae 和名不詳 0 1 0 0 0 0 0 0 0 0 0 0 0
Sarcophagidae ニクバエ科 0 0 0 0 0 0 0 1 0 0 0 13 0
Scathophagidae フンバエ科 0 0 0 0 0 0 0 0 2 0 0 0 1
Scatopsidae ニセケバエ科 0 0 0 0 0 0 0 1 1 0 0 0 0
Sciaridae クロキノコバエ科 12 7 11 25 11 16 4 16 0 0 1 9 0
Sciomyzidae ヤチバエ科 0 0 0 0 0 0 1 0 0 0 0 0 2
Sepsidae ツヤホソバエ科 0 1 0 0 0 0 1 6 2 0 1 12 0
Simuliidae ブユ科 79 184 291 20 301 59 414 377 826 21 218 1600 359 0 1 0 0 0 20 21 0 1 1 0 0 53 4
Sphaeroceridae フンコバエ科 15 2 0 0 10 0 20 129 2 0 4 42 52
Stratiomyidae ミズアブ科 4 0 0 0 0 0 0 2 1 0 0 0 0
Streblidae コウモリバエ科 0 1 0 0 0 0 0 0 0 0 0 1 1
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Syrphidae ハナアブ科 0 4 3 1 3 2 3 5 5 0 1 28 0
Tabanidae アブ科 3 36 3 2 1 1 352 99 44 3 0 29 4
Tachinidae ヤドリバエ科 3 19 8 1 3 4 2 8 42 0 0 4 4
Tephritidae ミバエ科 0 0 0 0 0 0 0 0 0 0 0 0 1
Tipulidae ガガンボ科 1 1 5 0 7 0 1 5 6 0 0 43 4 6 28 20 0 11 1 1 11 9 4 2 16 3
Trichoceridae ガガンボダマシ科 0 0 0 0 0 0 0 0 0 0 0 1 0
Coleoptera
Carabidae オサムシ科 3 17 12 0 134 9 2 2 1 0 1 2 3
Chrysomelidae ブタクサハムシ科 0 1 0 0 0 0 1 0 5 0 0 1 0
Coccinellidae テントウムシ科 0 4 0 0 0 0 6 0 0 0 0 1 0
Dermestidae カツオブシムシ科 0 0 0 0 0 0 0 0 1 0 0 0 0
Dytiscidae ゲンゴロウ科 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
Elmidae ヒメドロムシ科 0 0 1 0 0 0 6 0 31 1 2 0 0
Gyrinidae ミズスマシ科 0 0 0 0 0 0 0 0 0 0 0 0 1
Hydraenidae ダルマガムシ科 0 0 0 0 0 0 1 0 0 0 0 0 0
Latridiidae ヒメマキムシ科 0 1 0 0 0 0 0 0 0 0 0 1 0
Ptilodactylidae ナガハナノミ科 2 3 24 10 5 40 3 18 6 40 3 2 4 1
Psephenidae ヒラタドロムシ科 1 0 1 18 5 7 7 0 0 3 6 4 4 3
Pythidae キカワムシ科 0 0 0 0 0 0 0 1 0 0 0 0 0
Scarabaeidae コガネムシ科 0 2 6 0 0 0 0 0 5 6 0 10 2
Scirtidae マルハナノミ科 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Silphidae シデムシ科 0 1 0 0 0 0 0 1 0 0 0 0 0
Staphylinidae ハネカクシ科 0 9 10 0 0 0 2 0 0 0 0 1 1
Zopheridae アトコブゴミムシダマシ科 1 0 0 0 0 0 0 0 0 0 0 0 0
Odonata
Epiophlebiidae ムカシトンボ科 0 0 0 0 0 0 0 0 0 0 0 0 30
Gomphidae サナエトンボ科 0 0 0 0 0 1 0 0 0 0 0 0 2 0 0 0 2 0 1 0 0 0 1 0 0 1 0
Hemiptera
Aphididae アブラムシ科 29 10 0 0 0 0 25 31 15 9 1 0 0
Aphrophoridae アワフキムシ科 0 0 0 0 0 0 9 12 0 0 0 0 0
Cercopidae コガシラアワフキムシ科 4 3 0 0 4 0 0 2 0 1 2 0 0
Cicadellidae ヨコバイ科 0 0 0 0 0 0 0 0 0 0 0 1 4
Cicadidae セミ科 0 5 1 0 0 1 0 5 8 2 0 2 0
Clastopteridae コガシラアワフキ科 0 1 0 0 0 0 0 0 0 1 0 0 0
Enicocephalidae クビナガカメムシ科 0 0 0 0 0 0 0 1 0 0 0 0 0
Hormaphididae 和名不詳 0 0 0 0 0 0 0 0 1 0 0 0 0
Lachnidae オオアブラムシ科 1 0 0 0 0 0 0 0 0 0 0 4 0
Machaerotidae トゲアワフキムシ科 0 0 0 0 0 0 0 17 0 0 0 0 0
Miridae カスミカメムシ科 0 0 0 0 0 0 0 0 10 0 0 0 0
Pemphigidae タマワタムシ科 0 1 0 0 3 1 4 22 6 3 2 0 0
Phylloxeridae ネアブラムシ科 0 0 0 0 1 0 0 0 0 0 0 0 0
Megaloptera
Corydalidae ヘビトンボ科 0 0 0 0 0 0 0 10 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 2 0 1
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Table 6.3. Classification by tolerance type for disturbance, modified from Furutani and 





C lassification Fam ily nam e Japanese D escription














They have a m iddle tolerance to a flood
disturbance due to their habitat preference.
H ydropsychidae シマトビケラ科




They attach to riverbed m aterials by their ow n
net w hen the riverbed has kept stable.
They can avoid the disturbance and m ove the
habitat by sw im m ing. This category includes
“Sw im m er” type of E phem eroptera in life-type
classification.




They can m ove by craw ling but have no
strategy to avoid a disturbance. This category
includes P lecoptera and E phem eroptera






Fig. 6.1 Daily mean discharge (m3 sec-1) at Yokata and Hirose-bashi observation sites. 
The site Yotaka locates in Natori river (gray bars) and the site Hirose-bashi locates in 
Hirose river (black solid line). The panels showed the values during 45 days from 1st 
August to 10th October 2016 and annual mean discharge in 2016 at Yokata obs. Site 
(broken line; 16.7 m3 sec-1) and Hirose-bashi obs. (one point broken line; 11.6 m3 sec-1). 





Fig. 6.2 Time-series fluctuation of taxa richness. Taxa richness were shown at family level 
belonged with eight orders of insecta a）eDNA samples，b）Surbernet-sampled. The left 
side-y-axis shows relative abundance in the community (%) and goods’ coverage for eDNA 
samples (%), the right sidey-axis shows total taxa richness at the family level and OTU 
richness assigned as aquatic insects for eDNA samples. Abbreviations in legend mean E, 
Ephemeroptera; P, Plecoptera, T, Trichoptera; D, Diptera; C, Coleoptera; O, Odanata; M, 





Fig. 6.3 Correspondence of the total number of family richness in eDNA and Surber net 
methods at each month. Circle plots show Hirose river samples and triangles show Natori 
samples. The dashed gray line represents 1:1 line. 
 
 
Fig. 6.4 Correspondence of the amount of monthly change of family richness in eDNA and 
Surber net methods. Circle plots show Hirose river samples and triangles show Natori 

















































Fig. 6.5 Correspondence of rate of change in family richness obtained from eDNA and 
Surber net methods. Circle plots show Hirose river samples and triangles show Natori 

































Fig. 6.6 Time-series pattern of the community structure of all orders. The community of all 
orders obtained from (a) eDNA and (b) Surbernet-sampling were shown. 100% bar-graph 
shows relative read abundance for eDNA and relative population abundance for the Surber 
net (%, Left-y axis). Open plots and lines show total read abundance (/50,000 reads) for 





Fig. 6.7 Time-series pattern of community structure of order Ephemeroptera. The 
community obtained from (a) eDNA and (b) Surbernet-sampling were shown. 100% bar-
graph shows relative read abundance for Ephemeroptera eDNA and relative population 
abundance of Ephemeroptera for Surber net (%, Left-y axis). Open plots and lines show total 







Fig. 6.8 Time-series pattern of the community structure of order Trichoptera. The 
community obtained from (a) eDNA and (b) surbernet-sampling were shown. 100% bar-
graph shows relative read abundance for Trichoptera eDNA and relative population 
abundance of Trichoptera for Surber net (%, Left-y axis). Open plots and lines show total 






Fig. 6.9 Time-series pattern of the community structure of order Diptera. The community 
obtained from (a) eDNA and (b) Surbernet-sampling were shown. 100% bar-graph shows 
relative read abundance for Diptera eDNA and relative population abundance of Diptera for 
Surber net (%, Left-y axis). Open plots and lines show total read abundance (/50,000 reads) 
for eDNA and total population abundance (/0.18m2) in the right-y-axis. Dipteran families 
which are referred to “Aquatic insects of Japan: manual with keys and illustrations” (Kawai 
and Tanida, 2018) showed as aquatic taxa (others (Aq)) and families which are not referred 





Fig. 6.10 nMDS plot of community dissimilarity. Communitis of aquatic insects were 
obtained from surber-net sampling based on a) presence/ abundance of taxa (Sorensen-Dice 
index) and b) population abundance (Bray-Curtis index), and from eDNA metabarcoding 
based on c) unweighted unifrac (presence/absence) analysis and d) weighted (by the number 
of sequence reads) unifrac analysis. Closed circles and open rhombs represent Hirose 







Fig. 6.11 Time-series change of community structure classified by tolerance type for 
disturbance. a) Surber net sampling based on relative population abundance and b) eDNA 







Fig. 6.12 Time-series change of number of eDNA reads classified by tolerance type for 





Fig. 6.13 Time-series change of number of individuals of larvae classified by tolerance type 





Fig. 6.14 Time-series change of number of eDNA reads classified by tolerance type for 





Fig. 6.15 Time-series change of number of individuals of larvae classified by tolerance type 
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A number of studies have aimed to estimate the biomass using eDNA. One of the commonly 
used approaches is quantitative PCR (qPCR) to quantify how much the target species DNA 
exist, and conducting multiple replications of PCRs to measure the probability of detection. 
In advance to use these methods, users have to determine target species and also need to 
find/develop the species-specific primers. In addition, they need to validate the species-
specificity of the primers and confirm the PCR protocol before apply to actual samples. 
Furthermore, independent PCRs have to be carried out one by one for each primer, if these 
primers cannot be used for multiplex PCR, which uses mixed primer sets in a single reaction 
tube (Ivanova et al., 2007). These requirements are becoming a bottle-neck when multiple 
species have to be explored.  
The DNA metabarcoding approach can analyze multiple taxa comprehensively by 
a single protocol (for detail, see Chapter 4-6). In terms of eDNA studies, the metabarcoding 
approach is often used to explore biota in a target field. Universal primers are intensively 
developed to apply to eDNA samples. Various kind of universal primers are already 
developed for macro eukaryote biota such as amphibians (Evans et al., 2016), fishes (Miya 
et al., 2015), mammals (Ushio et al., 2017), birds (Ushio et al., 2018b) and invertebrates 
(Komai et al., 2019). However, the number of reads derived from metabarcoding analysis 
using a universal primer are not used as abundance data because universal primers include 
94 
 
bias during amplification of DNA of various species (Cristescu and Hebert, 2018; Elbrecht 
et al., 2016; Leese et al., 2018). These variation results from differences of base pairs order 
of each taxon. Inappropriate base-pair order makes primer binding difficult and 
amplification fails (Piñol et al., 2015). While the primer bias remains problems, the positive 
correlation are confirmed between read abundance from metabarcoding and population (or 
biomass) of organism which involved into bulk sample (Carew et al., 2013; Clarke et al., 
2017; Elbrecht and Leese, 2015; Saitoh et al., 2016; Serrana et al., 2018). These results 
indicate that metabarcoding approach potentially reaches to estimate population and biomass 
of real organisms. Not only by bulk sample studies, a few eDNA studies reported the positive 
correlation between the organism’s and eDNA abundance. Only a few studies are conducted 
under natural environments such as river, while they are usually conducted in mesocosms 
(Evans et al., 2016) and inner bay (Ushio et al., 2018a). 
In Chapter 7, a methodology to estimate the abundance of the eDNA concentration 
for six different taxonomic orders of aquatic insects by a comprehensive logic with a single 
protocol at once. The eDNA abundance targeting cytochrome c oxidase subunit 1 (COI) 
region was quantified using qPCR by a universal primer. Subsequently, the relative 
abundance of target taxa was obtained based on the read abundance using metabarcoding 
targeting the same DNA region by same universal primer as qPCR. Afterwards, the 
quantified DNA abundance and relative abundance were multiplied to obtain the DNA 
abundance of target taxa. The calculated DNA were tested the correlations with aquatic 
insect abundance which had been collected from each site of DNA sampling. This approach 
can provide another assessment methodology and enables to monitor ecological condition 




7.2 Materials and Methodologies 
 
7.2.1 DNA data used for Chapter 7. 
In chapter 7, we used samples taken from 6 sites for two seasons, July and November 2016. 
The relative abundance data for eDNA derived from the metabarcoding and for a Surbernet 
sampling were the same as what was described in chapter 5. The six taxonomic orders, i.e., 
Ephemeroptera, Plecoptera, Trichoptera, Diptera, Odonata, Coleoptera, were focused in this 
chapter due to comparability with the result of the conventional Surber-net sampling. 
 
7.2.2 Quantitative PCR amplification 
The DNA extraction methods were described in chapter 3. The qPCR target region and 
universal primer were same as metabarcoding, namely, The COI region of mtDNA using 
Folmer primer (1994) with 658 bp fragment length. We initially validated whether the 
primers and PCR protocols work on tissue samples of a larva of the caddis fly species 
(Stenopsyche marmorata) which was also sampled in the study catchment.  
The series of qPCR was performed using TB Green®Premix Ex Taq (TaKaRa) and 
LightCycler®2.0 (Roche). The condition of qPCR consisted of an initial incubation at 95ºC 
for 20 seconds followed by 40 cycles of 95ºC for 5 seconds, 53ºC for 30 seconds, 72ºC for 
1 minute. The negative qPCR controls using Milli-Q were included for all qPCR runs and 
showed no amplification. Fragment size of amplicons was verified with agarose gels 
electrophoresis, and qPCR products were purified using MicroSpin S-400 Columns (GE Life 
Science). Furthermore, we set a template DNA which was extracted from tissue of S. 
marmorata and amplified using the above- mentioned primer pair. Then, we created a 
dilution series from the PCR products of a standard DNA through 1.0x107 to 1.0x101 
(copies/μl). DNA concentration of the dilution series was measured using PicoGreen 
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(Thermo Fisher Scientific Inc). 
 
7.2.3 Formula for calculation of DNA concentration for each taxa group 
The series of DNA concentration of target taxa groups calculated by multiplying quantified 
DNA concentration obtained from qPCR by relative abundance derived from the read counts 
by metabarcoding, following the formula [7-1]. Hereafter, the original DNA concentration 
quantified by qPCR targeting COI region was called “COI-eDNA”, and calculated the DNA 
concentration of total of six aquatic insect orders was called “Aquatic insects eDNA” and 
that of each aquatic insect order was called “ [Ephemeroptera /Plecoptera /Trichoptera 
/Diptera /Coleoptera /Odonata] eDNA”. 
 





eDNA ij  (copies/ L): Calculated eDNA concentration of group j in sample i 
COI-eDNA obs i :(copies/ L): Quantified DNA concentration by qPCR targeting COI region  
in sample i 
Readsij : The number of reads of taxa j (or a total of six aquatic insect orders) in sample i 
Readsi : The total number of reads in sample i 
 
7.2.4 Statistic analysis 
All statistical analysis was performed using R (R package ‘stats’) (R core team, 2018). 
Spearman’s rank correlation test was performed to test the correlation between calculated 
eDNA concentration, population density (individuals / 0.18m2 sampling area), and dried-









7.3.1 Relative read abundance of aquatic insect derived by eDNA 
A total of 101,309 reads were assigned as six aquatic insect orders from 12 samples taken 
from six sampling sites on two seasons (Table 1). Diptera was the most dominant order with 
81.9% of total reads, followed by Ephemeroptera (14.7%), Trichoptera (2.47%), Coleoptera 
(0.65%), Plecoptera (0.27%) and Odonata (0.07%). A total of 79 taxa at the family level were 
detected from 12 samples, of which 29 families were common with the families collected by 
Surber-net sampling. Notably, Diptera and Coleoptera were detected more than Surber-net 
sampling, 36 families and eight families more, respectively. They are commonly difficult to 
capture from riverbed using Surber-net since they mostly inhabit the riparian or lentic area. 
Furthermore, the relative read abundance of each order varied according to seasons. 
Particularly, most of July samples had a higher percentage of aquatic insect reads to total 
than November, without site H2 and N1 where located in the middle domain of the watershed. 
Diptera tended to be the most prevailing order through all seasons with average 6.07% of 
total reads (Max.= 16.86% at N1-Nov, min.= 0.51% at N3-Nov). Plecoptera and Coleoptera 
were mostly below 0.01% of total reads in a sample, and Odonata was rarely detected 
through all seasons and sites. 
 
7.3.2 Population density, dried-biomass density and calculated eDNA 
The average population and dried-biomass at 6 sites were additionally collected in 
November than in July. Specifically, at an average of 198 individuals and 197.8 mg were 
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collected in July from 0.18 m2 quadrat sampling area, and at an average of 431.8 individuals 
and 534.7 mg in November. Similarly, the COI-eDNA were higher in November than in July, 
at an average of 15,873 copies/L (Max =29,600 at site H2, min =5,140 at site N1 in copies/ 
L) and 929 copies/L (Max =2,990 at site H3, min =131 at site H1 in copies /L), respectively. 
The aquatic insects eDNA were also higher in November at an average of 1,370 copies/L 
(Max = 5,085 at site H2, min = 109 at site N3 in copies /L) than in July of 46.2 copies/L 
(Max = 98.7 at site H3, min = 7.1 at site H1 in copies/ L). The population density showed 
positive correlations with COI-eDNA and with Aquatic insects eDNA at 1% significant level 
(Spearman’s rank correlation’s rho (r) = 0.79 and 0.74, p-value (p) = 0.004, 0.008, 
respectively. See Fig.7.1 a, b). Dried-biomass showed positive correlation with COI-eDNA 
at 10% significant level, but not with Aquatic insects eDNA (r =0.55 and 0.36, p =0.067 and 
0.25, respectively. See Fig.7.2 a, b).  
 
7.3.3 Spatial variation of abundance revealed by Surber-net and eDNA. 
The spatial variations of Diptera eDNA were consistent with that of the population density 
of Diptera, especially in Hirose River (H1 to H3, Fig. 7.3 a, b). Similarly, Ephemeroptera 
eDNA also showed consistent variation with their population density (Fig. 7.3 a,b). 
However, eDNA could not detect some taxa if only a few individuals were collected by 
Surber-net sampling, e.g. for Plecoptera at site N1 and N2 in July and at site N3 in November  
(Fig. 7.4 a,b). In another case, eDNA did not detect Trichoptera at site N3 in November and 
Coleoptera at site N2 in July, even though abundant larvae were collected. Odonata was 
hardly detected by both methods throughout the 12 samples. By Spearman’s rank correlation 
test, Diptera (Fig. 7.8) and Odonata (Fig. 7.10) eDNA showed positive relationships with 
population density at 1% significant level. The cases of Plecoptera (Fig. 7.6) and 
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Ephemeroptera (Fig. 7.5) also showed the positive correlations at 5% level and at 10% level 
respectively, but neither Trichoptera (Fig. 7.7) nor Coleoptera (Fig. 7.9). In addition, only 
Diptera and Coleoptera eDNA showed some significant correlation with dried-biomass 






7.4.1 Population density or biomass density? 
The positive correlation was shown between Aquatic insects eDNA and total population 
density. This result supports the credible hypothesis stating that larger amount of eDNA is 
detected when/where organism of eDNA source is abundant (Barnes and Turner, 2016; Doi 
et al., 2017; Nukazawa et al., 2018). However, the dried-biomass had no correlation with the 
calculated eDNA for total aquatic insects,  although it seemed to show a similar result with 
the case of population. There are mainly two patterns to increase dried-biomass of 
community: one is the higher the population density, the greater the biomass. Another pattern 
is that the population density is low but the community is composed the matured larvae that 
have a large weight per individual, so that increases the biomass in total. Associated with the 
second case, production rate of eDNA is varied according to their stage of life, e.g., eggs, 
juvenile, adults (Takeuchi et al., 2019). For example, the production rate of eDNA per 
biomass is lower in adults since adult fish has lower metabolic activity rate than juveniles 
(Maruyama et al., 2014). Let aquatic insects apply this physiological pattern, since eDNA 
production rate should decrease at low population composed by matured larvae, dried-
biomass can not necessarily present simple correlations not same as population density. 
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7.4.2 Variation of estimability depending on taxonomic order 
All the Diptera, Odonata, Plecopera and Ephemeroptera showed the positive correlations 
between eDNA and population densities of each. To test the ability to estimate population 
density from calculated eDNA, the linear regression analysis was performed using R 
package ‘stats’ (R core team, 2018). As same as the correlation test results, the significant 
models were obtained for Diptera, Odonata, Plecoptera and Ephemeroptera but not for 
Coleoptera and Trichoptera (Table 2). Coleoptera were rarely found by Surber-net sampling, 
therefore the eDNA abundance of Coleoptera in river should have been small at the sampling 
site and it should be difficult to find the correlation. Trichoptera were commonly found in 
quantity similar with Ephemeroptera but could not provide a significant model. The slope of 
the model for Ephemeroptera was larger than that of Trichoptera, 0.40 and 0.29 respectively. 
Therefore, Ephemeroptera eDNA was more sensitive to variation of population density than 
Trichoptera eDNA. This difference might be resulted from the patterns of life style under the 
water of each group since the activity amounts also affect eDNA production (Ghosal et al., 
2018). The activity amounts of Coleoptera and Trichoptera may be small because they are 
mostly attached on or fixed between riverbed materials in the lotic habitat, meanwhile the 
other four orders actively swim or crawl. Hence, considering the trait of life style and life 
event or stage of organism is required to understand quantitative estimability using eDNA 
for each taxon.  
 
7.4.3 Technical difficulties for quantitative estimation 
The laboratory process and data treatment process for eDNA analyses include several issues 
resulting to distort the relationship between eDNA and aquatic insects abundance (Cristescu 
and Hebert, 2018). Firstly, some taxa had sequence mismatches in primer binding region. 
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The PCR process using universal primers is inevitably cause a primer bias because the highly 
conserved region is difficult to be identified. Therefore, some taxa could not match and not 
be amplified using the primer used in this study. 16S rRNA region of mtDNA was expected 
to tackle this issue since that region is relatively higher conserved. A highly degenerated 
universal primer for aquatic insects especially for EPT species targeting this region has been 
published (Elbrecht et al., 2016). However, applying this primer requires more effort, time 
and cost to collect the DNA reference database for this region for Japanese biota. Secondly, 
some taxa could not be eliminated and be undetected during taxonomic name assignment 
process. Some individuals taken from different geographic regions show low percentage of 
sequence identity with each other even though the COI region in mtDNA is highly conserved 
intra-specific in general. For example, Drusus discolor (Limnephilidae, Trichoptera) has 
only 51.7% of sequence identity between individuals taken from Montenegro and Germany 
(see Chapter 4) while those are classified as same species by the linnaean system of 
nomenclature. Hence, the identity can be lower between query sequence taken from Japan 
and the reference sequence data taken from all over the world. Especially, eDNA is degraded 
under natural biological/chemical/physical condition and results in sequence quality lower 
which cannot be used to identify at genus/species level. Therefore, a number of reads will 
be eliminated if the threshold for identification is too extreme such as 97% or 99%. Still, 
eDNA for fish can use 97% identity for taxonomic assignment at genus/species level due to 
the highly developed reference database of fish (Miya et al., 2015). Therefore, aquatic 
insects also require a massive reference database focusing on Japanese biota to raise the 
baseline of taxonomic assignment. Despite making enhanced DNA database inevitably 
requires an enormous economic/labor/time cost, eDNA promissory provides ecological 
diversity and quantitative information which is useful for environmental and ecological 
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conservation (Leese et al., 2018).  
The present methodology can analyze a broaden taxa and handle a number of 
samples with a single protocol by combining qPCR and metabarcoding analyses for eDNA. 
Owing to this advantage, the expansibility of this methodology is worth to be invested even 
though two different molecular analyses have to be conducted. For instance, this method can 
be used for not only six aquatic insect orders analyzed in this study but also any invertebrate 
biota, such as algae, crustaceans, or collembolan. In addition, as lots of previous reports note 
(Deiner et al., 2017; Rees et al., 2014; Yaegashi et al., 2017), molecular experimental 
technique has advantages for making speedy processing. The technique is learned faster and 
easier than morphological identification skills. Consequently the number of manpower can 
be easily increased and the sample processing speed will be accelerated dramatically. 
Ultimately, the assay can be made automation and less observer error. The further technical 
improvement promised the better eDNA reliability in terms of enrichment method of low 










Fig. 7.1 The relationships between the population density of total aquatic insect and eDNA. 
Total aquatic insect (individuals /0.18m2) and (a) COI-eDNA (copies /L), (b) Aquatic 
insects eDNA (Aq. Ins. DNA, copies /L) were plotted. Open plots shows July and 








Fig. 7.2 The relationships between biomass density of total insects and eDNA. Total dried-
mass density of aquatic insects (mg/ 0.18m2) and (a) COI-eDNA (copies/L), (b) 
Aquatic insects eDNA (copies/L) were plotted. Open plots shows July and closed plots 










Fig. 7.3 Spatial variation of population density and eDNA of each order in Hirose River 
(H1-H2-H3) (a) in July (b) in November. Bar graphs show population density 
(individuals /0.18m2) on left y-axis and open circle plots show eDNA of each order 
(copies /L) on right y-axis. x-axis showed six different taxonomic orders of aquatic 
insects, i.e., Ephemeroptera (E), Plecoptera (P), Trichoptera (T), Diptera (D), 







Fig. 7.4 Spatial variation of population density and eDNA of each order in Natori River (N1-
N2-N3) (a) in July (b) in November. Bar graphs show population density (individuals 
/0.18m2) on left y-axis and open triangle plots show eDNA of each order (copies /L) 
on right y-axis. x-axis showed six different taxonomic orders of aquatic insects, i.e., 
Ephemeroptera (E), Plecoptera (P), Trichoptera (T), Diptera (D), Coleoptera (C)，





Fig. 7.5 Relationships between eDNA and individuals of Ephemeroptera. Scatter plots for 
Ephemeroptera (mayflys) to show the relationships between eDNA of each order 
(copies /L) and population density (individuals /0.18m2). All values were 
logarithmically transformed. Open plots show July and closed plots shows November, 






Fig. 7.6 Relationships between eDNA and individuals of Plecoptera. Scatter plots for 
Plecoptera (stoneflys) to show the relationships between eDNA of each order (copies 
/L) and population density (individuals /0.18m2). All values were logarithmically 
transformed. Open plots show July and closed plots shows November, and circle plots 






Fig. 7.7 Relationships between eDNA and individuals of Trichoptera. Scatter plots for 
Trichoptera (caddisflys) to show the relationships between eDNA of each order (copies 
/L) and population density (individuals /0.18m2). All values were logarithmically 
transformed. Open plots show July and closed plots shows November, and circle plots 






Fig. 7.8 Relationships between eDNA and individuals of Diptera. Scatter plots for Diptera 
(flys) to show the relationships between eDNA of each order (copies /L) and 
population density (individuals /0.18m2). All values were logarithmically transformed. 
Open plots show July and closed plots shows November, and circle plots show Hirose 







Fig. 7.9 Relationships between eDNA and individuals of Coleoptera. Scatter plots for 
Coleoptera (real-beetles) to show the relationships between eDNA of each order 
(copies /L) and population density (individuals /0.18m2). All values were 
logarithmically transformed. Open plots show July and closed plots shows November, 







Fig. 7.10 Relationships between eDNA and individuals of Odonata. Scatter plots for 
Odonata (dragonflys) to show the relationships between eDNA of each order (copies 
/L) and population density (individuals /0.18m2). All values were logarithmically 
transformed. Open plots show July and closed plots shows November, and circle plots 





Table 7.1 Relative abundance (%) of aquatic insect groups derived from sequence read 
abundance. “assigned families” shows the number of taxa at the family level and 
“assigned reads” shows the number of sequences at that level. “ND” shows the 





Table 7.2 Results of linear regression assignment. Objective variables are population density 
of aquatic insects (individuals /0.18m2) and explanatory variables are eDNA (copies 
/L) in these models. The slope shows as “a”, intercept shows as “b”, adjusted squared 
R shows “adjusted-R2”, and p-value 10% significant lower shows in bold, 5% added 
underlines.  
 
Order a b adjusted-R2 p-value 
Ephemeroptera 0.40 1.37 0.23 0.06 
Plecoptera 0.92 0.71 0.31 0.03 
Trichoptera 0.29 1.29 0.07 0.21 
Diptera 0.53 0.66 0.58 0.00 
Coleoptera 0.12 1.13 -0.09 0.75 




season Jul. Nov. Jul. Nov. Jul. Nov. Jul. Nov. Jul. Nov. Jul. Nov.
water
volume (L)
1.2 1.2 1.0 1.1 1.1 1.2 1.0 1.0 1.0 1.0 1.0 1.0
total reads 56,697 163,677 122,384 168,413 145,593 145,639 59,396 155,025 52,681 50,728 61,479 53,464
E 8 14,861 %E 2.674 0.338 1.163 1.201 0.811 0.667 0.980 3.243 1.564 0.859 0.493 0.037
P 4 275 %P 0.088 0.092 0.008 0.012 ND 0.004 ND 0.002 0.063 0.004 ND ND
T 15 2,502 %T 1.037 0.244 0.366 0.042 0.045 0.046 0.333 0.052 0.913 0.055 0.127 ND
D 40 82,939 %D 1.490 0.872 4.557 15.917 2.404 2.119 4.686 16.864 10.486 8.833 4.060 0.505
C 9 662 %C 0.011 0.043 0.078 0.004 0.040 0.255 0.062 0.005 0.002 0.004 0.011 ND
O 3 70 %O 0.074 0.002 0.014 0.002 ND ND ND ND ND 0.006 ND ND
Total 79 101,309 %Aq.Ins. 5.37 1.59 6.19 17.18 3.30 3.09 6.06 20.17 13.03 9.76 4.69 0.54
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8.1 Detectability of eDNA for river benthic invertebrates 
 
Aquatic insect taxa detected by the conventional Surber-net sampling and eDNA 
metabarcoding analysis of samples taken from 6 locations and in two different seasons 
were compared. eDNA metabarcoding detected 93 families of aquatic insects, which was 
three-fold more than that detected by the conventional Surber-net sampling method. It 
was resulted because eDNA could cover the taxa that were detected by Surber net 
sampling, including not only lotic insects but also lentic and terrestrial insects (especially 
families in Coleoptera, Diptera, and Hemiptera) as same with previous report (Deiner et 
al., 2016). Some of taxa could not detected by eDNA (e.g. Blephariceridae), however, 
eDNA could reveal the community variations between seasons clearly as similar to Surber 
net sampling results. The sensitivity was not significantly different between seasons, the 
mean sensitivity from eDNA metabarcoding against the conventional method was 66.8% 
in July and 55.3% in November.  
 
 
8.2 Traceability of succession of community structure 
The time-series survey were conducted to test eDNA enables to trace the temporal 
succession of community structure in natural river. Since the sampling term contained 
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flood disturbance caused by typhoons, the changes of community structure were 
compared between eDNA and the traditional Surber net sampling method. As a result, 
the member of taxa in communities were mostly composed by Ephemeroptera and 
Diptera families and the trend of time-series change of taxa richness were consistent 
between two methods. Furthermore, the taxa that many individuals were collected by a 
surber-net sampling tended to obtain a large number of sequence reads in eDNA analysis. 
In addition, community structures derived by relative read abundance from eDNA 
metabarcoding and the conventional method showed the same succession pattern after a 
flood disturbance, i.e. the ratio of swimmers increased immediately after the disturbance 
and the ratio of crawlers increased later. Our results showed that eDNA metabarcoding 
targeting aquatic insects can describe the time-series succession of the community 
structure using relative abundance based on the number of sequence reads even taxa 




8.3 Quantification methodologies using eDNA for multiple taxa 
 
Abundance of eDNA for each aquatic insect group (in order level) were estimated by 
multiplying DNA concentration measured by qPCR and relative read abundance of each 
group derived from metabarcoding. The population density of total aquatic insect 
presented positive correlation with COI-eDNA concentration and Aquatic insects eDNA 
concentration at 1% significant level (Spearman’s rank correlation rho =0.79 and 0.74, 
respectively) but the dried-biomass density have positive correlation only with COI-
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eDNA concentration (rho=0.55 at 10% significant level) but not with Aquatic insect 
eDNA concentration. Calculated eDNA concentration for each group at order level also 
showed positive correlation with each population density in Ephemeroptera, Plecoptera, 
Diptera and Odonata. Specifically, by linear regression analysis, Diptera obtained a 
reliable model with highly significant level (coefficient of determination = 0.58, p < 0.01). 
While taxonomic assignment process have inherent issues, this approach is useful to 





The conventional directly capturing method and eDNA are different approaches of 
observing the ecosystem, then both have advantages and disadvantages. The present study 
obtained significant three results and found future perspectives for eDNA as followed: 
Firstly, the difficulties and advantages in eDNA metabarcoding for benthic invertebrates 
were identified. The present difficulties, such as insufficient DNA database for local biota, 
primer mismatches for some taxa, and potential challenges for determining species-
specific eDNA production rate are keys to accurate eDNA analysis. Secondary, the 
present study showed the first empirical result that read abundance derived from eDNA 
metabarcoding provided community structure while it was not fully reliable because of 
inherent primer bias between taxa. Hence, the state of ecological community can be 
monitored for long-term applying eDNA. Thirdly, the combination of eDNA 
metabarcoding and qPCR was an effective methodology to estimate the organism’s 
abundance. While there are still hurdles to estimate individuals or biomass directly 
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because of difficulties of estimation of organelles that containing multiple DNAs, this 
method can estimate the gradation of abundance. This methodologies should be applied 
to the other region or ecosystems and examined its generalities because the present study 
just tested only in Natori river basin. In summary, we obtain a new choice of monitoring 
tool that can reveal the community status of richness, structure, and abundance in natural 
river system based on genetics. eDNA is suitable for broad area surveys and long-term 
(and high frequency) surveys due to the ease of sampling and its rapid analysis flow. The 
present study showed that eDNA represent similar results to the conventional method in 
terms of increase / decrease in taxonomic richness, increase / decrease in relative 
abundance of each taxa, and change in community structure. Therefore, for example, by 
monitoring biodiversity changes in basin scale associated with land use alterations and 
dam operations, it is possible to identify sites and timings where biodiversity deterioration 
is significant and identify the factors that lead the deterioration. In current situation, 
environmental DNA in rivers has uncertainty in spatiotemporal origin, mainly due to 
upstream inflow and resuspension of DNA stored in sediments. For this reason, when 
conducting surveys to eliminate false positives, such as surveying habitats for endangered 
species and alien species, the detection results can be confirmed by conducting 
conventional surveys in addition to exhaustive surveys using eDNA. Technical 
improvement or enhancement of the sequence database can resolve the issues of 
undetected species by eDNA. The present methodology enables to expand the monitoring 
term and scale that were previously difficult due to labor cost.  
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Appendix A. DNA sampling and filtration 
 
 Sterilize the sampling bottles, bottle caps, and cooler boxes by immersing 10% bleach overnight 
(over 8 hours). 
 Rinse the all breached equipment by tap water for three times.  
 Pack the bleached bottles and a bottle filled with 1L of Milli Q as a field control, and ice packs 
in bleached cooler boxes. 
 At the field, prewash the bottle and cap by river water at the sampling site for three times. Conduct 
water sampling wearing disposal gloves per a site. Please in mind not to disturb river floor as this 
will suspend the sediment. Sampled water should be kept in a cooler box immediately. 
 After back to laboratory, water samples should be filtered immediately or be kept in refrigerator. 
If you cannot filter within the day, add 1 ml of 10% benzalkonium chloride per 1 L of water 
sample. 
 For filtration, clean all of equipment and working desk by wiping 10% bleach. Also, sterilize all 
equipment before change the sample. Sterilize by immersing 10% bleach at minimum 10 min, 
and washed out by tap water well, and rinse Milli Q. 
 Wrap the filtered paper by commercial aluminum foil one by one and enclose the freezer bag, 
and store in a freezer below – 20°C. 
 
 
Appendix B. DNA extraction 
 
Before start experiments 
 Clean up work bench using 70% Ethanol or 10% bleach. 
 All experimental equipment including pipets, disposal chips, tubes, and tube lacks and clean 
bench exposure UV light for 10-30 minutes. 
 Use clean disposal mask and gloves.  
 
DNA extraction (Phenol-Chloroform method) 
(1) Protease K digestion 
Protease K is one of the major and reliable methods for DNA extraction, as well as the chemical 
method. The enzymatic function breaks the cell membrane and nuclear membrane. 
1. Recipe of stock Protease K solution 
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 Store the Protease K powder or solution below 4°C. 







2. Make the stock Lysis buffer 







3. Prepare the mixture of lysis buffer and proteinase K 
 Make mixture; the stock lysis buffer: Milli Q: proteinase K = 5: 4: 1 (in volume) 
e. g. lysis buffer: Milli Q: proteinase K = 250: 200: 40 (µl) 
 Dispense 400 µl of the mixture per a tube. 
4. Fold a filter paper into cone-shape using sterilized tweezers, and put into a 2ml tube. 
5. Incubate at 56°C for 30 min. 
 
(2) Phenol treatment (at room temperature) 
 Store phenol below 4°C with protecting from light. 
 Conduct at room temperature. 
 In this dissertation, commercial TE saturated phenol (pH 8.0, Nippon Gene, Tokyo, Japan) 
was used. The upper layer of the solution is TE buffer for preservation, but not phenol. Insert 
a pipet chip to the lower layer to take phenol. 
1. Add 400 µl of phenol. 
2. Vortex (20 secs). 
3. Centrifuge (15,000 rpm, 15 sec, at room temperature). 
4. Remove tubes quietly from centrifuge. 
5. Collet the supernatant to a new tube using yellow chip of pipet. Pay attention not to mix and 
take protein (middle layer) and Phenol (lower layer). 
 
solution Final concentration volume 
Proteinase K 500 µg/ml 10 ml (5 mg) 
1.0 M Tris HCl 10 mM 100 µl 
0.5 M EDTA 10 mM 200 µl 
Milli Q  (diluting in measuring cylinder to) 10 ml 
solution Final concentration volume 
1.0 M Tris HCl 60 mM 10 ml (5 mg) 
0.5 M EDTA 20 mM 100 µl 
SDS 2 % 200 µl 
Milli Q  (diluting in measuring cylinder to) 10 ml 
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(3) PCI (Phenol-Chloroform-Isoamyl alcohol) treatment 
 Make CIA mixture with the proportion C: IA = 24: 1 (in volume) 
e. g. C (98%): 48 ml + IA (4%): 2ml 
 Make PCI mixture with the proportion P: C: I =25: 24: 1 (in volume).  
e. g. P: 50ml + CIA: 50 ml + TrisHCl (pH8.0) 10 ml 
 PCI and CIA mixture can store with protecting from light. 
1. Add 400 µl of PCI to the tube.  
2. Mix by upside-down for 5 min. 
3. Centrifuge (15,000 rpm, 5 min, at room temperature) 
4. Collect the supernatant to the new tube while avoiding mixing with the oil layer. 
 
(4) CIA (Chloroform-Isoamyl alcohol) treatment 
1. Add 400 µl of CIA.  
2. Mix quietly for 5 min. 
3. Centrifuge (15,000 rpm, 5 min, at room temperature). 
4. Collect the supernatant to a new tube. 
 
(5) Ethanol precipitation 
1. Add a 1/10 volume of 5M sodium acetate (NaAc) solution as a salt. 
2. Add a 2.5 times volume of 100% ethanol (molecular research grade). 
3. Mix the tube quietly by up-side-down. 
4. Keep it 10 min at room temperature to maximize DNA collection 
5. Centrifuge (maximum power, 30 min, 4°C). Note: direction of a cap connection should be 
reverse direction of rotation to avoid not to break. 
6. Check the DNA pellet by visually and discard the supernatant by decantation. 
7. Add 1 ml of 70% Ethanol. 
8. Centrifuge (maximum power, 2 min, 4°C). 
9. Discard the supernatant by pipetting. 
10. Evaporate ethanol completely at room temperature. 
11. The DNA pellet is re-dissolved into TE buffer. 
 
(6) Remove PCR inhibitors. 
Use OneStep PCR Inhibitor Removal kit (Zymo Research, CA, USA) following the instructions 





Appendix C. quantitative PCR 
 
 Preparing PCR mixture 
 If avoid PCR inhibitor, add BSA (Bovine Serum Albmin). 
 
SYBR Master Mix (TB Green) 10 µl 
Forward primer 0.4 µl 
Reverse primer 0.4 µl 
MilliQ 7.1 µl 
BSA  0.1 µl 
Template DNA (sample) 2 µl 
Total reaction volume 20 µl 
 SYBR Premix Ex Taq (Tli RNaseH Plus) (TaKaRa, Tokyo, Japan) were used. The 
commercial name was changed to “TB Green”. 
 
 Run qPCR. In this dissertation, Light Cycler 2.0 with glass capillary (Roche, Switzerland)  
 [40 cycles]  
95°C 95°C 53°C 72°C 4°C 




Appendix D. Library preparation for MiSeq 
 
1st PCR 
(1) Preparing reaction solution for 1st PCR. 
 
TaKaRa taq HS low DNA 10 µl 
10 µM forward primer 0.4 µl 
10 µM reverse primer 0.4 µl 
Diluted water 7.2 µl 
Template DNA (sample) (1-10 ng/µl) 2 µl 
Total reaction volume per a tube 20 µl 
 
 Use Milli Q for negative control during PCR process. 
 For 1st PCR, each sample was conducted with three replications. 
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(2) PCR reaction protocol 
 The number of PCR cycles was 35 in this dissertation according to pilot experiments. 
If it is unknown whether PCR amplification will be successful, perform a pilot experiment 
as well (with the same protocol as 1st PCR but with a gradation of cycling number). 
 
[35 cycles] Final extension 
94°C 50°C 68°C 68°C 
5 sec 30 sec 10 sec 7 min 
 
(3) Electrophoresis using Agilent 2100 Bioanalyzer (DNA7500 kit) (Agilent Technologies, CA, 
USA) 
 Check that the band with targeted length occurs. 
 Check that the concentration is within 5-10 ng/µl. If the concentration is too low, increase 
the replicate and concentrate in purification process. If the concentration is too high, re-
consider the PCR cycling number. 
 
(4) Purification of PCR amplicons using AMPure XP (Beckman Coulter) 
 Put 3 replicates in one tube, and purify. 
 The Elution volume is 20 µl. See manufacture protocol for details.  
URL: https://www.beckmancoulter.com/wsrportal/techdocs?docname=B37419 (accessed on 
January 19, 2020)  
 
2nd PCR: add adopter sequences 
 
(1) Preparing reaction solution for 2nd PCR. 
 
10x Ex Taq Buffer 2 µl 
dNTP Mixture 2 µl 
10 µM hand-forward primer 0.4 µl 
10 µM hand-reverse primer 0.4 µl 
Diluted water 13.2 µl 
TaKaRa ExTaq Hot Start 0.1 µl 
Template DNA (purified 3rd PCR amplicons) 2 µl 
Total reaction volume per a tube 20 µl 
 
 Use Milli Q for negative control during PCR process. 
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 Pipet softly to avoid making foams due to glycerol contained in Taq. 
 
(2) PCR reaction protocol 
 
 [5 cycles] Final extension 
94°C 94°C 50°C 72°C 72°C 
2 min 30 sec 30 sec 30 sec 5 min 
 
(3) Electrophoresis using Agilent 2100 Bioanalyzer (DNA7500 kit) 
(4) Purification of PCR amplicons using AMPure XP (Beckman Coulter) 
 
3rd PCR: add index (tag) sequences 
(1) Preparing reaction solution for 3rd PCR. 
 
10x Ex Taq Buffer 2 µl 
dNTP Mixture 2 µl 
Diluted water 10 µl 
TaKaRa ExTaq Hot Start 0.1 µl 
MID-f primer 2 µl 
MID-r primer 2 µl 
Template DNA (purified 2nd PCR amplicons) 2 µl 
Total reaction volume per a tube 20 µl 
 
 Use Milli Q for negative control during PCR process. 
 
(2) PCR reaction protocol 
 
 [8 cycles] Final extension 
94°C 94°C 55°C 72°C 72°C 
2 min 30 sec 30 sec 30 sec 5 min 
 
(3) Electrophoresis using Agilent 2100 Bioanalyzer (DNA7500 kit) 
 
(4) Purification of PCR amplicons using AMPure XP (Beckman Coulter) 




(5) Measure the concentration of each sample using Qubit dsDNA (HS) and adjust the concentration 
at 4nM for each sample. 
 
(6) Put 5 µl of each sample in a tube. 
 
 
Chips 1 – when sample DNA concentration is low 
 Increase cycle number for 1st PCR. For Bacteria, 25-30 cycles are commonly used but eDNA 
studies usually use more, such as 30-50 cycles. 
 Concentrate at AMPure purification process such as: make 2 replicates at 2nd PCR in one 
(total volume 40 µl) and elute 20 µl or 10 µl (2-times or 4-times concentration, respectively). 
 
Chips 2 – register MiSeq amplicon sequence data to DDBJ 
 The guideline published on the website of FASMAC is useful (in Japanese). 
http://fasmac.co.jp/ngs_ddbj_accession (accessed on January 19, 2020.) 
 The guideline published by DDBJ describe more details (in Japanese and English). 
https://www.ddbj.nig.ac.jp/dra/submission.html#dra-submission (accessed on January 19, 
2020.) 
 Please note it takes several days before getting DRA accession number. The data accession 
is usually required before submitting research paper to Journals.  
 
 
Appendix E. descriptions of NMDS 
 
For data that has multiple comparison samples and each sample has multiple comparison items, it is 
difficult to know the characteristics and similarities between samples. Similarity or dissimilarity index, 
such as Sorensen-Dice index, Bray-Curtis index, and Chao index are used to quantify these differences. 
It is convenient to arrange the dimensions in a reduced scale in order to visually grasp the 
compensatory relationship of the similarity between the samples by the distance between the points 
(Taguchi, Oono and Yokoyama, 2001). This method is a multidimensional scaling method (Multi-
dimensional Scaling (MDS). 
 
The flow of nMDS is shown below: 
1. Determine the number of dimensions n in which the sample will be placed finally (it usually 
determine two or three dimensions to make easier to understand). 
2. Give the initial values of the spatial configuration on the n-dimensional plane to each sample. 
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The initial values can be given by random numbers or Guttman-Lingoes method. 
3. Find the virtual distance dij between samples on the n-dimensional plane. In the two-dimensional 
case, it is calculated as the Euclidean distance. 
4. Regress actual data δij and virtual distance dij to obtain the estimated distance obtained by 
regression. For non-metric dimensional scaling, this regression is performed using ordination 
(monotonic regression). Therefore, it is assumed to be suitable especially for ecological data 
which cannot determine distribution type. 
5. Repeat steps 3 and 4 to minimize the difference between the estimated distance and the virtual 
distance. 
6. Finally, standardize the configuration so that the center of gravity of the configuration is the origin, 
and the sum of squares of the coordinate values is equal to the number of objects. 
 Kruskal's monotone regression is known as a method of determining the configuration so that the 
error (stress value, the formula described below) between the estimated distance and the virtual 
distance is minimized. Also, depending on the magnitude of the final stress value, it can be an 
indicator how much the measured value and the spatial configuration by nMDS fit (0%, Perfect: 
2.5%, Excellent: 5%, Good: 10%, Normal: more than 20%, bad). 
 
𝑆𝑡𝑟𝑒𝑠𝑠 𝑣𝑎𝑙𝑢𝑒 = √
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Image of step 1-2. where; dij: the Euclidian distance Image of step 3-4. where; dij: the estimated value 
from monotonic regression 
δij: the distance calculated by dissimilarity 
